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 Executive Summary
This report has been prepared by a Task Force established to examine the
past, present, and future roles of mathematical models applied to research and
management of the Great Lakes environment. In recent years, considerable effort
has been devoted to developing models; indeed, the state of the art of modeling
the Great Lakes is advanced compared to the modeling of most other water
resources in the world. Looking to the future, there is a growing acceptance
that proper management of the Great Lakes will require a holistic “ecosystem
approach" in which the numerous chemical, physical, biological and social
components and their interactions are identified. Accordingly, it will be
demanded that management decisions be made with a full knowledge of all
implications involved. Mathematical models which give quantitative and
integrated representations of complex real world systems may be the only way
by which ecosystems can be understood and by which the ecosystem approach can
be effectively implemented.
A spectrum of opinion now exists about Great Lakes modeling (as well as
modeling in general), ranging from disappointment and cynicism to enthusiasm
and optimism. Part of the reason for these differences of opinion is that
communication between model builders and model users has not always been as
good as it should be. However, Great Lakes modeling is now entering a phase
of greater maturity in which expectations are more tempered and realistic.
Scientists now generally accept that the modeling process itself produces
valuable information and insight, even if a model does not prove directly
useful for actual management. In an age where computer literacy is becoming
commonplace, the value of modeling is likely to be more universally realized.
The major types of Great Lakes models that have been developed and
their role in guiding Great Lakes management are discussed in this report.
In Appendix B an update of a previously published inventory of many of the
most relevant models is presented. An assessment of the models inventoried
indicates a major thrust in Great Lakes modeling has been the development of
water quality models applied to eutrophication. However, because water
quality efforts have been increasingly devoted to toxic chemicals such as PCBs
and heavy metals, there has recently been a shift in focus to toxic substance
modeling. The development of such models is immature but is deserving of high
priority from a research needs standpoint. Other types of models that have
been used for scientific and management purposes are hydrodynamic and
circulation/transport models, fisheries models and nonpoint source models.
Despite the often successful use of models in Great Lakes management,
models may be abused if their limitations are not fully appreciated. These
limitations include the simplifying assumptions modelers must make in order
to avoid making their models unnecessarily complex. Themodeler must thus
exercise judgement about which processes should and should not be included,
  
and these judgements can contribute to uncertainty in output. Other
limitations include the lack, poor quality, or natural variability of the
data that are used in the model. Whenever possible, these uncertainties
I should be clearly specified using quantitative uncertainty analysis techniques.
In addition to specifying uncertainly, a model should be validated for
application to a specific situation. Ideally, validation is a threeastep
process. Models should first be calibrated (adjusted so the model output
agrees with observed data), then verified (output is compared to an
independent set of field data), and, finally, models should be subjected
to a post—audit (the actual response of a system over time is compared to
the response predicted). In environmental modeling, there have been few
instances in which all three steps, especially the post~audit step, have
been used in the validation process. However, over the next several years
there will be an excellent opportunity to conduct post—audits of those models
that were so important to the Great Lakes nutrient reduction program, a
program whose size and environmental significance is unmatched anywhere in the
world. A careful bilateral research study and evaluation of how the lakes
responded to the control program would not only allow these models to be used
with greater understanding in the future as a result of a post—audit, but
would provide directions for future ecosystem management worldwide. It could
also go a long way to lending credibility to the modeling process itself —
assuming model predictions were substantiated.
Another aspect of modeling that needs attention is the transfer of
technology from modeler to user. Improving the transfer process would
contribute to better appreciation by the user of the uncertainties and
limitations inherent in a given model. It is essential that models be well
documented and that opportunities be provided for potential users to receive
training in the use of selected models. It is also valuable if users can
become more involved in the actual development of models.
One new approach to technology transfer is the use of personal computers
and user—friendly software. For the Great Lakes (or Great Lakes Basin) model
user, a model that can be run on a personal computer (or can interface with a
large computer) allows intimate involvement in the process. For instance,
using a model directly, a manager might quickly determine the possible effects
of alternative management decisions. A major resistance to the use of models
— the lack of control and the feeling of not being part of the process - may
consequently be overcome by using personal computer technology. Thus, the
design of predictive models so they can be run on personal computers is likely
to be a major activity in the years ahead.
Overall, mathematical modeling has and will continue to play a very
important role in Great Lakes management and scientific development.
Specifically, the modeling activities likely to have the greatest payoff in
the near future are: l) development of toxic substance models applicable to
the myriad of xenobiotic chemicals which have been identified in the Great
lakes; 2) post~auditing and improvement of eutrophication models;
3) construction of hydro«dynamic models of water level and flow changes that
will result fromdiversion or climatic change; 4) development of fisheries
models related to stocking strategies and water quality/fish yield links;
(Vi)
 5) the use of models to optimize strategies for surveillance, monitoring and
research; and 6) the use of the modeling process to identify research needs.
Although not likely to have near—term practical application, the development
of ecosystem models integrating the many physical, chemical, biological,
economic and even social processes which influence the condition of the Great
Lakes is a worthy, long range research goal.
To be certain, mathematical models have not and will not replace
scientific insight and common sense in decision making. However, they are
firmly established as an integral part of the research/management process.
When used with an awareness of their limitations, models are sure to be a
primary tool of those trying to understand and manage the world‘s largest
inland sea.
(vii)

 Recommendations
Although
a
large
number
are
available,
Great
Lakes
mathematical
models
are
still
evolving.
Furthermore,
as
the
value
of
the
Great
Lakes
resource
increases
and
as
an
ecosystem
approach
to
management
is
implemented,
the
role
of
models
as
cost—effective
tools
will
become
even
greater.
Thus,
the
Task
Force
recommends
continued
development
of
scientifically
sound
Great
Lakes
models.
Without
such
development,
the
ecosystem
approach
to
management
will
likely
not
succeed.
Such
development
should
involve
the
direct
input
of
potential
users
and
relevant
ecosystem
scientists
as
well
as
the
modeler.
Listed
below
are
specific
recommendations:
l.
Since
toxic
substances
and
their
fate
in
the
Great
Lakes
ecosystem
will
remain
an
item
of
highest
scientific
research
priority,
increased
emphasis
should
be
given
to
the
development
of
models
of
toxic
substances.
The
development
of
these
models
must
be
accompanied
by
improved
quantitative
knowledge
of
the
sources,
concentrations,
rates
of
transport,
and
biological
fates
of
toxic
chemicals.
2.
A
post-audit
of
the
models
used
to
guide
Great
Lakes
eutrophication
control
strategies
should
be
performed,
perhaps
as
part
of
a
major
reference
study
(conducted
through
the
International
Joint
Commission)
to
evaluate
thoroughly
the
effect
of
the
billion
dollar
eutrophication
control
effort.
A
new
reference
study
would
set
the
framework
for
assessing
the
accuracy
of
the
models
and
would
provide
additional
information
needed
to
refine
management
strategies.
It
would
also
undoubtedly
stimulate
a
variety
of
new
cooperative
research
in
modeling
and
other
areas,
similar
to
that
experienced
during
the
Upper
Lakes
Reference
Group
Study
and
the
Pollution
from
Land
Use
Activities Reference Group Study.
3.
New
approaches
involving
the
use
of
personal
computers,
and
the
development
of
intelligible,
user-friendly
software
for
water
quality
modeling
should
be
encouraged
and
funded
in
order
to
facilitate
the
transfer
of
scientific
information.
Appropriate
documentation
identifying
the
limitations
and
appropriate
use
of
the
models
should
be
prepared
whenever
a
model
is
developed
and
modelers
should
be
urged
to
make
themselves
available
to
instruct
users
in
the
model(s).
(ix)
  
One of the most important recent trends in modeling which
should be continued is the development of quantitative
estimates of model output uncertainty. Even for a single,
clearly defined, water quality goal, there are often
several potential management schemes or models which can be
used, and the choice among these programs or models is not
always clear. However, uncertainty analysis provides a
rational basis for cost—benefit or risk assessment
decisions, and further research in this area is strongly
recommended.
The factors which potentially limit the use of Great Lakes
models should always be recognized and accounted for by the
user. These factors include: l) the models' inherent
conceptual limitations; 2) the inordinate data requirements
of some models; 3) the inability to fully validate some
models; and 4) the possible lack of quantitative measures
of model output uncertainty.
Long—term research on how to integrate existing models into
more general packages should be encouraged and funded. For
example, current toxic substances modelsmight be integrated
with water circulation and transport models to simulate, and
thus predict, the distribution and fate of these substances.
The integration of simple water quality models with
relevant economics models is also recommended. Such models
would be useful for assessing the economic implications of
ecological management programs in the Great Lakes Basin.
However, while research on the integration of specialized
models and the development of multi-faceted ecosystem
models is recommended, it is cautioned that large and
complicated models are not likely to have near-term
practical payoffs since the uncertainties associated with
such models tend to be large and difficult to define.
Great Lakes model development, like Great Lakes ecosystem
research, is a long-term endeavor that will be best served
by a continuity of support. This is not to say that
short—term results will not have important impacts, but
long—term commitment will likely result in the greatest
return for the research and development investment. While
the building of new model structures is encouraged, greater
support for maintaining and/or refining existing models is
also strongly recommended.
Although a Science Advisory Board sponsored modeling
workshop is not recommended at this time, the need for
such a workshop should be reconsidered in several years.
A modeling task force should be established at that time,
not only to consider a workshop but also to update the
inventory of models and assess modeling progress.
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 I. Introduction
PURPOSE
In
the
l98
2 A
nnu
al
Rep
ort
to
the
Int
ern
ati
ona
l J
oin
t C
omm
iss
ion
(IJC
),
the
Sci
enc
e A
dvi
sor
y B
oar
d (
SAB)
ide
nti
fie
d "
com
put
er
mod
eli
ng
and
val
ida
tio
n"
as
one
of
ten
res
ear
ch
iss
ues
in
the
Gre
at
Lak
es
Bas
in.
Mod
eli
ng
was
vie
wed
not
onl
y a
s a
mea
ns
to
exa
min
e c
omp
lex
phe
nom
ena
and
int
era
cti
ons
, b
ut
als
o
as a
plan
ning
and
mana
geme
nt a
id f
or d
eali
ng w
ith
envi
ronm
enta
l p
robl
ems
such
as n
utri
ent
and
toxi
c c
onta
mina
nt l
oadi
ng a
nd t
heir
effe
cts.
The
SAB
repo
rt
furt
her
stat
ed t
hat
ther
e wa
s a
“...
need
to d
eter
mine
whic
h mo
dels
are
appr
opri
ate
for
a pa
rtic
ular
prob
lem
and
to v
alid
ate
such
mode
ls t
o en
hanc
e
thei
r ut
ilit
y.“
Subs
eque
ntly
, t
hey
reco
mmen
ded
that
a “t
ask
forc
e be
esta
blis
hed
to e
valu
ate
effo
rts
for
sele
ctin
g an
d va
lida
ting
comp
uter
simulation models."
In t
he s
prin
g of
l983
, th
e SA
B es
tabl
ishe
d a
task
forc
e an
d ga
ve i
t a
term
s of
refe
renc
e (
Appe
ndix
A).
The
term
s of
refe
renc
e di
rect
ed t
he t
ask
force to:
1) provide an overview of Great Lakes modeling activities;
2) evaluate the role models have played in management and
surveillance;
3) recommend means to improve the verification and validation
of models; and
4) identify modeling needs.
Also
, th
e ta
sk f
orce
was
aske
d to
cons
ider
the
meri
t of
IJC
spon
sori
ng a
workshop on the role of modeling in research and management.
The purpose of this report is to address the terms of reference and,
the
reb
y,
pro
vid
e t
he
SAB
and
IJC
wit
h a
bas
is
for
ass
ess
ing
que
sti
ons
inv
olv
ing
the
use
of m
odel
s or
the
deve
lopm
ent
of n
ew m
odel
s.
The
repo
rt i
s li
mite
d in
scop
e to
Grea
t La
kes
mode
ls o
r to
gene
ral
mode
ls w
ith
pote
ntia
l us
e in
the
Grea
t La
kes
Basi
n.
A mo
re g
ener
al
desc
ript
ion
of w
ater
reso
urce
s mo
deli
ng c
an
be f
ound
else
wher
e,
such
as i
n th
e re
port
to t
he U
.S.
Cong
ress
on t
he u
se o
f
mode
ls i
n wa
ter
reso
urce
s (
Offi
ce o
f Te
chno
logy
Asse
ssme
nt,
l982
), t
he r
epor
t
to t
he C
anad
ian
Envi
ronm
enta
l As
sess
ment
Revi
ew O
ffic
e (d
e Br
oiss
ia,
1984
), o
r
in s
ever
al r
ecen
t bo
oks
on m
odel
ing
(e.g
. Sc
avia
and
Robe
rtso
n, 1
983;
Simons, 1980; Chapra and Reckhow, l983).
This
repo
rt d
oes
not
eval
uate
math
emat
ical
equa
tion
s,
data
, o
r co
mput
ers,
but
rath
er e
xami
nes
the
uses
of m
athe
mati
cal
mode
ls,
the
proc
ess
of m
odel
development, and the general limitations of models. Priority attention is
given to toxic contaminants and eutrophication, given the prominence of these
problems in the Great Lakes. However, other models, such as those concerned
 
 wit
h c
irc
ula
tio
n/t
ran
spo
rt,
non
poi
nt
sou
rce
s,
and
fis
her
ies
are
als
o c
ons
ide
red
,
although in less detail.
Thi
s
rep
ort
is
div
ide
d
int
o
fiv
e
sec
tio
ns
plu
s
the
rec
omm
end
ati
ons
alr
ead
y
giv
en.
The
fir
st
sec
tio
n
inc
lud
es
a p
rim
er
on
bas
ic
mod
eli
ng
con
cep
ts.
In
the
sec
ond
sec
tio
n
sev
era
l
sel
ect
ed
mod
els
whi
ch
hav
e
bee
n
suc
ces
sfu
lly
use
d
in
Gre
at
Lak
es
man
age
men
t a
re
ill
ust
rat
ed.
The
sec
ond
sec
tio
n a
lso
ass
ess
es
the
cur
ren
t s
tat
e—o
f-t
he—
art
of
Gre
at
Lak
es
mod
els
bas
ed
on
an
inv
ent
ory
of
exi
sti
ng
mod
els
.
In
the
thi
rd
sec
tio
n,
the
que
sti
ons
of
mod
el
str
uct
ure
and
val
ida
tio
n,
app
rop
ria
ten
ess
,
unc
ert
ain
ty,
and
dat
a
nee
ds
in
mod
eli
ng
are
con
sid
ere
d.
The
fou
rth
sec
tio
n
add
res
ses
the
dis
sem
ina
tio
n
or
tra
nsf
er
of
inf
orm
ati
on
on
mod
eli
ng
tec
hno
log
y.
Sec
tio
n
fiv
e
loo
ks
at
the
fut
ure
of
mod
eli
ng
in
the
Gre
at
Lak
es,
par
tic
ula
rly
as
it
rel
ate
s t
o t
he
evo
lut
ion
of
a c
ost
—ef
fec
tiv
e e
cos
yst
em
app
roa
ch
to
Gre
at
Lak
es
man
age
men
t.
'
BASIC MODELING CONCEPTS
Mod
els
are
sim
ply
a m
ath
ema
tic
al
rep
res
ent
ati
on
of
the
rea
l w
orl
d i
n w
hic
h
equ
ati
ons
are
use
d t
o r
epr
ese
nt
int
era
cti
ons
amo
ng
com
pon
ent
s o
f a
dis
cre
te
sys
tem
.
Mor
e p
rec
ise
ly,
Sim
ons
(l9
79)
and
Tho
man
n (
l98
2)
def
ine
mod
els
as
the
ore
tic
al
con
str
uct
s
whi
ch u
se
num
eri
cal
val
ues
to
rep
res
ent
com
pon
ent
s a
nd
whi
ch
rel
ate
ext
ern
al
inp
uts
to
var
iab
le
res
pon
ses
of
the
sys
tem
bei
ng
mod
ele
d.
The
com
pon
ent
s r
epr
ese
nte
d i
n m
ode
ls
var
y w
ide
ly,
ran
gin
gfr
om
an
eco
nom
ic
com
pon
ent
(th
e c
ost
of
an
ant
i—p
oll
uti
on
mea
sur
e)
to
a b
iol
ogi
cal
com
pon
ent
(the
pre
sen
ce
of
a p
art
icu
lar
spe
cie
s o
f a
lga
).
The
com
pon
ent
s c
hos
en
wil
l,
of
cou
rse
, d
epe
nd
on
the
des
ire
d o
utp
ut
and
wha
t m
ost
inf
lue
nce
s t
he
out
put
.
Int
err
ela
tio
nsh
ips
amo
ng
the
com
pon
ent
s a
re
exp
res
sed
in
an
equ
ati
on
or
ser
ies
of
equ
ati
ons
.
The
se
equ
ati
ons
nec
ess
ari
ly
sim
pli
fy
the
act
ual
sit
uat
ion
, a
nd
in
ess
enc
e t
hey
are
an
exp
res
sio
n o
f o
pin
ion
on
how
the
sys
tem
in
que
sti
on
wor
ks
(van
Keu
len
, l
974
).
Ind
eed
, s
ome
mod
els
tot
all
y i
gno
re
the
the
ore
tic
al
bas
is
for
rel
ati
ons
hip
bet
wee
n c
omp
one
nts
and
uti
liz
e i
nst
ead
pur
ely
emp
iri
cal
beh
avi
or
for
the
com
pon
ent
s.
How
eve
r,
whi
che
ver
the
app
roa
ch,
if
mod
els
rea
son
abl
y p
red
ict
the
beh
avi
or
of
a s
yst
em,
the
y c
an
be
use
ful
in
ana
lyz
ing
alternative courses of action.
Mos
t m
ode
ls
mak
e p
red
ict
ion
s.
For
exa
mpl
e,
the
PCB
con
ten
t o
f c
oho
sal
mon
has
bee
n i
den
tif
ied
as
a t
opi
c o
f c
onc
ern
in
Lak
e O
nta
rio
.
Fro
m a
man
age
men
t p
ers
pec
tiv
e,
it
wou
ld
be
use
ful
to
pre
dic
t t
he
nat
ure
of
a c
han
ge
in
the
PCB
con
ten
t o
f t
he
sal
mon
tha
t w
oul
d r
esu
lt
fro
m a
cha
nge
in
the
loa
din
g o
f P
CB
to
the
lake
.
If
a m
ode
l c
an
be
dev
elo
ped
whi
ch
can
mak
e t
his
typ
e o
f p
red
ict
ion
, i
t c
oul
d b
e u
sed
to
hel
p g
uid
e m
ana
gem
ent
and
pla
nni
ng.
For
ins
tan
ce,
suc
h a
mod
el
cou
ld
be
use
d t
o d
efi
ne
whe
n a
sig
nif
ica
nt
haz
ard
to
con
sum
ers
of
sal
mon
was
lia
ble
to
occ
ur
for
giv
en
inp
uts
of
PCBs
.
If
cur
ren
t l
eve
ls
pre
sen
t a
haz
ard
, t
he
mod
el
mig
ht
be
use
d t
o q
uan
tif
y t
he
red
uct
ion
s i
n c
urr
ent
loa
din
gs
whi
ch
are
nec
ess
ary
to
eli
min
ate
the
pro
ble
m.
Mod
els
may
be
ver
y s
imp
le,
req
uir
ing
onl
y a
poc
ket
cal
cul
ato
r,
or
ver
y
com
ple
x,
req
uir
ing
ext
ens
ive
sof
twa
re
and
mai
nfr
ame
com
put
ers
.
Mod
els
may
rep
res
ent
sin
gle
com
pon
ent
s (
e.g.
the
ave
rag
e c
onc
ent
rat
ion
of
sil
ica
in
the
ope
n w
ate
r o
f L
ake
Mic
hig
an
as
a f
unc
tio
n o
f t
ime
),
or
man
y c
omp
one
nts
(2.9
. t
he
dis
tri
but
ion
of
a v
ari
ety
of
tox
ic
che
mic
als
in
Lak
e O
nta
rio
und
er
the
inf
lue
nce
of
mul
tip
le
deg
rad
ati
on
and
tra
nsp
ort
pro
ces
ses
).
Lik
ewi
se,
 models may represent large systems such as Lake Superior or relatively small
systems, such as a reach of the Niagara River. Perhaps more important than
the physical size of the system is the number of components represented in the
model. The most effective models are often the simplest, or at least those
designed to produce desired outputs with minimum input data. As noted by
Rodgers (1978), however, a desire for realism and robustness in a model often
leads planners and managers away from simpler models into unnecessarily
complex ones.
The terminology used by modelers can be confusing to a non—modeler, and
can even inhibit the actual use of models. 0n the other hand such terminOIOQy
is necessary in order to allow modelers and non—modelers alike to converse
precisely about model specification. Therefore, some terms that frequently
arise in the modeling literature, and which are used in this report, are
briefly defined below.
l. Model Variables — Components or terms of mathematical
equations that may vary depending on the situation or
application.
2. Coefficients (sometimes called constants) - Unlike model
variables, coefficients are components of equations
(models) with fixed values that do not change.
3. Inputs and Outputs — Model inputs are the values that must
be entered into the model before it can be used to create
outputs or predictions. For example, a model whose output
is average annual total phosphorus concentration in Lake
Michigan would require the annual total phosphorus load to
the lake as one necessary input.
4. Simulation Model — Simulation models are a type of model
that describes in detail the operation and behavior of a
system over time; they are often used totest the effect of
alternative inputs or courses of action (as in alternative
strategies to solve a pollution problem).
5. Optimization Model — An optimization model is a type of
model that prescribes what plan or series of actions can
most efficiently achieve a desired objective (an objective
might be least cost or greatest impact of a particular
water management plan).
6. Deterministic Model — A model whose equations reflect
actual mathematical representations of physical, chemical
and biological mechanisms. In other words in deterministic
models the results are uniquely determined by the model
equations and the input data.
7. Stochastic Model — Input and results of the model are given
as a range of probable numbers, accounting for the fact
that certain events, such as rainfall, occur randomly.
 
 8. Empirical Model - Empirical models are typically developed
from statistical fits of data, rather than from theoretical
principles. They are most frequently developed from simple
or multiple linear regression analysis, and can be used to
predict the response of a dependent variable to changes in
one or more independent variables.
9. Model Validation - The overall process used to determine
model credibility. Model validation best consists of a
three stage process (as recommended by Thomann, 1982):
calibration, verification, and post—audit.
10. Model Calibration — This first stage of model validation
involves "tuning" a model (adjusting coefficients) so that
model output best agrees with observed data.
ll. Model Verification - A second stage of model validation,
whereby output from a calibrated model is compared against
actual field data, preferably independently and under
conditions that differ considerably from those used in the
calibration.
12.
Model Post-Audit — Third stage of model validation, whereby
the actual response of a system to events is compared with
the response predicted by a model.
13. Model Accuracy — Generally used to refer to how well a
model duplicates actual observations. Importantly, the
accuracy needed will vary with the application; a model may
be valid or credible for some applications even though its
accuracy is less than perfect.
14.
Segments — Segments are spatial subdivisions of the
system.
Their boundaries
depend on the nature of the
system (lake, embayment,
river)
to be modeled,
and the
degree of precision desired by the model user.
15.
Initial Conditions — The magnitude of the model variables
at the start of the calculation (1.9. time = 0).
l6.
Boundary Conditions
- Boundary conditions are the value of
the model
variables which
are used to describe the
conditions which exist at the spatial edges
of the model.
For example, a model of Lake Huron would require defined
boundary conditions at the Straits of Mackinac and at the
St. Clair River.
PROCESS OF MODELING
Perhaps almost as important as
the actual model
results is the overall
modeling process.
Often the process alone produces valuable information and
insight,
even
if the model
does not prove to be of use for actual management.
 
 As an example, much of the fundamental Great Lakes data has been gathered
in response to a need for this information, which was
uncovered through the
modeling process.
The process
of modeling can be roughly divided into five phases (after
Jeffers, 1978):
l) problem definition;
2) generation of hypotheses;
3) model construction;
4)
model
testing (calibration and verification);
and
5) model implementation and final testing.
In the definition phase,
the system to be modeled as well as the types
of
management actions or impacts must be defined.
In other words a statement
of
the problem
and
the
objectives
of
the model
should
be initially
developed,
taking
into
account
the
resources
(money,
expertise,
etc.)
available.
In
this
way the
scope
of
the model,
or what
is
to be
excluded,
is
defined.
In
the
hypotheses
generation
phase,
the
model
is
conceptualized,
that
is,
the
components
that
must
be
considered
are decided
upon.
Which
components
should
be
treated
in
depth,
and
which
can
be
lumped
together
are also
evaluated.
Perhaps most important, the links
between components leading to the desired
outputs must also be hypothesized.
During the construction phase
the equations are written and,
if necessary,
a computer
program.
The
data
needed
to
run
the
model
are also
assembled.
It may
be
necessary to
collect
additional
data
or even
to make
estimates
(based on expert judgment)
to adequately define some parts of the model.
The construction of a model
is an
iterative process with constant review and
assessment of
results in light of the original
objectives.
This procedure
often uncovers
critical elements and relationships which require more research
or more
precise
evaluation,
and
thus
is
an
important
part
of
the
modeling
process
(see
Simons
and
Lam,
l980).
It
should
include
review
by both
the
modeler and the user(s) involved.
Model
calibration and verification are used to further refine and to
ascertain the usefulness of the model.
As discussed above,
calibration
provides the
first adjustment of model
coefficients.
Sensitivity analysis
is often conducted as part of the calibration
process as an elementary way
to determine how uncertainties among relationships among components or the
numerical
values assigned to terms
in the equations of the model
could affect
results.
Verification,
the second
stage in model
testing,
is not always
straightforward.
Questions,
such as how good is the model, are not always
easily answered.
Devising critical
analytical
or experimental tests to verify
a model
is often difficult.
In general,
quantitative measures of model
credibility,
particulary error analysis,
should be part of model development.
Such quantitative measures will be discussed
later in the report.
During model
implementation,
the model
is fully documented and simulations
using
different
inputs
are made
and
results
analyzed.
As
part
of
this
phase
   technology
transfer,
1.9.
the
transfer
of
the
model
or
the
results
of
the
model to managers,
should occur.
This is a particularly important but often
overlooked step and will
be discussed
later in this report.
Last, the third
step in establishing model
credibility, the post—audit,
should
be conducted if
possible.
Post—audits
are particularly important to establish the credibility
of Great Lakes models
so they can be reapplied or used in new management
applications with high confidence.
All too often,
however,
the post—audit
does not occur.
For instance,
although billions of dollars have been spent on
a Great Lakes phosphorus
control program which was based,
at least in part,
on
mathematical
models,
no provisions
have been made to evaluate how well these
models
actually
predicted
the
lakes'
response
to the
management
measures.
Note also that model
credibility
is enhanced through peer review (in journals
or other publications),
and this can be during any phase of the process.
It should
also be realized that the modeling process
is just a part of the
overall
research
and
management
process.
Figure 1
shows
how models
can
fit
into the research/management process.
Although models are not essential
to
guide
research
or
set
policy,
they
usually
enhance
the
process
or the
product.
This
enhancement
has
especially
been
true
for
Great
Lakes
ecosystem
problems,
which
are
almost
always
complex.
Thus,
the model
process
is useful
other
than
for making
predictions.
Specific
uses
are
itemized
in the
next
section.
 
Figure 1.
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 II. Uses ofGreat LakesModels
VARIED USES OF MODELS
Great
Lakes
models
have
found
many
applications.
Some
of
the
most
important are to:
l) organize existing knowledge and data;
2) identify data and research needs;
3)
facilitate
communication
among
varied
groups -
scientists,
technologists,
engineers,
managers,
policymakers,
politicians, and the public;
4)
improve
understanding
about
relationships
among
components
of systems and the consequences of change;
5) set regulations or objectives; and
6)
provide
quantitative
estimates
of
impacts
of
alternate
actions
or management
strategies
before
they
are
implemented.
Many
of
these
uses
get
overlooked
when
evaluating
the
benefits
of
modeling
efforts.
For
example,
models
designed
to
describe
PCB
cycling
in
the
Great
Lakes
clearly
demonstratedthe
need
for
more
basic
physical—chemical
information
(9.9.
solubilities,
vapor
pressures,
sediment—water
partitioning,
etc.)
on
the
209
PCB
congeners.
As
a
result
there
has
been
considerable
basic
research
over
the
last
several
years
on
defining
the
properties
of
PCBs.
The
most
obvious
use
of
Great
Lakes
models,
however,
has
been
in
a
management
context.
Models
have
had
an
unprecedented
role
in
Great
Lakes
management
decisions
(as
will
be
described
subsequently).
In
fact,
models
have
probably
been
used
in
managing
the
Great
Lakes
system
more
than
any
other
water
resource
in
the
world.
Some
of
the
Great
Lakes
issues
or
questions
that
have
or are
currently
being
addressed
by models
include
the following:
1.
What
are
the allowable
loads
of
phosphorus
and
other
nutrients
to
Lake
Erie
and
Green
Bay
in order
to
reduce
the area and duration of anoxia by 90%?
2.
What
are
the
allowable
nutrient
loads
to
Saginaw
Bay
to
reduce
the
frequency
of
taste
and
odor
problems
by 90% at
the Bay City/Midland Water Treatment Plant?
3.
What
impact,
in
terms
of
lakewide
concentrations
of
phosphorus,
dissolved
oxygen,
and
chlorophyll
a,
will
a
phosphate
detergent
ban
have
on
Lake
Michigan.
4.
What
is
the
response
time
of
chlorophyll
a
to
a
90%
phosphorus
load
reduction
in
Lake
Ontario?
 10.
ll.
12.
13.
14.
_
.
J
U
!
 
How long would it be before PCB concentrations in lake
trout reach the new U.S. Food and Drug Administration limit
of 2 mg/kg if loadings were reduced to zero today?
How long will "in-place" toxic pollutants remain as a
source of contamination under natural conditions?
Where is the optimal location of a new water intake in Lake
Huron?
What will be the impact on water quality of constructing a
waste disposal island in the Detroit River and how can the
design of the island be optimized?
When will the mirex contaminated sediments in the southern
third of Lake Ontario be rendered harmless by natural
processes?
How can the water levels of the Great Lakes be best managed
to the satisfaction of power, navigation, shoreline
property owner, and recreation interests?
What would be the impact on fish production of increasing
the amount of water diverted at Chicago?
What are the relative importance of atmospheric deposition
and volatilization in determining the fate of toxic organic
substances in the Great Lakes?
What are the relative importance of settling and
resuspension to the dynamics and fate of toxic substances
in the Great Lakes?
What is the optimal sampling design for assessing
eutrophication in the Great Lakes or for establishing the
average concentration of PBCs in lake trout inhabiting the
lakes?
What is the impact of current salmonid management practices
on the forage base and ultimately on the sport fishery?
EXAMPLES OF EXTENSIVELY APPLIED MODELS
Probably the most prominent example of model use for management decisions
was in the renegotiation of the United States—Canada Great Lakes Water Quality
The 1972 Water Quality Agreement between the United States
and Canada called for total phosphorus concentrations in all major point
source discharges in the Lake Erie and Lake Ontario watersheds to be limited
However, the l978 Agreement contains specific phosphorus loading
These objectives, which are a unique approach to managing such a
large resource,
were based to a very large extent on mathematical models
Agreement in l978.
to l mg/L.
objectives.
developed during the early and mid—lglos.
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In developing the phosphorus objectives, a bilateral technical Task Group
used five mathematical models for the major Great Lakes basins to estimate
lake responses to changes in the phosphorus loads. Two of the models used
were the Vollenweider (1976) phosphorus loading/chlorophyll a model and the
Chapra (1977) dynamic phosphorus loading model, both of which are relatively
simple models based on empirical (observed) relationships. The other three
models (Thomann et a1. 1975; DiToro and Connolly, 1980; and Bierman et a1.
1980) were complex ecosystem models utilizing a series of differential
equations describing basic limnological processes. These complex models
account for and trace a number of variables throughout the system. All five
of the above models, when supplied with the same input data, were found to be
consistent in their general predictions. The fact that the models were
independently derived and were based on conceptually different approaches
instilled confidence in the predictions, and, in fact, led to the inclusion
of phosphorus loading objectives in the 1978 Water Quality Agreement that
were largely based on the model results. Thus, models have had a very major
influence on the multi—billion dollar Great Lakes phosphorus control program.
Other examples of whole lake models that have extensive management applications
include the use of an atmospheric transport model to estimate sulfate loadings
to the Great Lakes (Denison and Fleming, 1977) and operational oil spill models
that are used in pollution emergencies (Simons et a1. 1975; Pickett, 1980).
Models have also been used for important site—specific Great Lakes
management. In a major litigation case involving the pollution of PCBs in
Waukegan Harbor, models were used to project the movement of PCBs out of the
harbor into Lake Michigan and also to project the resultant impact on Lake
Michigan biota (Paul, 1981). In Saginaw Bay (Lake Huron), the re-siting of a
water intake to avoid taste and odor problems, which would have cost millions
of dollars, was averted using information gained through a Saginaw Bay
eutrophication model (Bierman et a1. 1980). A chloride model was used to help
formulate decisions on the advisability of building a large steel plant which
would discharge large quantities of chloride along the shores of southern Lake
Michigan (Sonzogni et a1. 1983). In western Lake Erie, a model of recirculation
was used to minimize loss of larval fish caused by their entrainment in the
intakes of power plant cooling systems (Paul and Patterson, 1977). In the
St. Lawrence region near Lake Chambly, a water quality model (Simons and Lam,
1980) was used to predict changes in phosphorus levels due to river diversions
required by hydroelectric usage. More recently, a statistical model
(El-Shaarawi and Esterby, 1984) was used to assess the contaminant levels at
different locations along the Niagara River (Niagara River Toxics Committee,
1984).
On a different scale, a model has been used to evaluate how growths of
Cladophora, a nuisance attached alga which causes great economic loss along
Great Lakes shorelines, could be controlled (Canale et a1. 1982).
Simulating growths of Cladophora at localized sites along Lake Huron under
various environmental conditions, the model highlighted the economic tradeoffs
between phosphorus removal from small wastewater sources and piping the
effluent to a site where it would not effect growth of the alga. The model
thus enabled the community with the problem to identify management options
that otherwise were unknown. An optimal solution was consequently achieved.
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Circulation/Transport Models
Several circulation models have been used to examine water movements
in L
akes
Mich
igan
, E
rie
and
Onta
rio,
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n be
ing
devo
ted
to Lakes Superior and Huron. In the past, the majority of circulation
mode
ls w
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to t
he s
tudy
of a
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ge,
two—
dime
nsio
nall
y ho
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ntal
central-lake current patterns for fixed wind directions and magnitude.
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However, the state—of-the-art in this area has advanced now to incorporate
vertical water movements, as well as time—dependent circulation in both the
central lake and nearshore zones. Recent interest in modeling nearshore
circulation and transport is particularly significant.
One type of circulation transport model, the heat dispersion model (used
to predict temperature distributions in waters receiving heated effluent
discharges) has been well—developed. However, recent model development in
this area has waned as concern over thermal pollution has decreased.
Hydrodynamic models are often used in conjunction with water quality
models. In fact, the integration of separate models into an overall modeling
package has become an important trend overall. It is likely that future
ecosystem models will be a series of separate models that are mathematically
integrated.
Models of Toxic Chemicals
Although the number of toxic chemical models has increased over the last
several years, toxic substances continue to be the area in greatest need of
model development. One of the primary reasons for this lacuna is a lack of
quantitative information on toxic chemical inputs to the lakes (as mentioned
previously, this lack has prompted some basic research). A lack of empirical
data for model calibration and verification further compounds the problem.
There is an obvious need for increased research in developing modeling
techniques and data acquisition systems to assist in broadening our under—
standing of the effects of toxic inputs to the Great Lakes. The development
of toxic substances models will undoubtedly benefit and build upon models
already developed for water quality and circulation/transport.
Nonpoint Source Models
Several models of land runoff quality and quantity have been developed and
used to assess nonpoint source pollution loadings from rural and urban land.
Their appliction to the Great Lakes has increased as the relative importance
of nonpoint sources has become recognized.
In generating output, models of land runoff sometimes rely upon detailed
information concerning the physical and chemical characteristics of a given
watershed. Input data generally include predominant land use and soil types,
topography, rainfall, snowmelt, temperature and land management practices.
These models can be used to predict runoff quantity and quality over very
short time intervals (every 15 minutes) or over relatively long periods
(average annual conditions). Alternately, relatively simple models designed
to be used directly by planners to make decisions about nonpoint source
controls have been developed for the Great Lakes Basin. It should also be
mentioned that a variety of nonpoint source models that have been developed
for locations outside the Great Lakes Basin could be used within the Basin as
well.
13
 Fish Models
Most fisheries models to date have dealt with evaluating the effect of
alternative fish stocking and harvesting programs.
Such models are of great
importance, because the sports fishery program is a multi-million dollar
endeavor.
However, little effort has gone into linking the fisheries with
other management aspects, such as toxic substances or eutrophication control.
This linkage is particularly important from an ecosystem management
perspective.
Part of the reason for the sparse activity has been the lack of
basic information and data needed to develop such models.
More model
development in this area is likely to occur in the near future.
One notable exception to the above has been in the area of bioenergetics
modeling (a type of model
based on the flow of energy between different tophic
levels).
Bioenergetics modeling has provided some useful
insights into the
linkages between toxic substances and fish.
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III. Limits toModels and Model Applications
Despite the unquestionable value of models to Great Lakes management and
planning, models do have limitations.
When used inappropriately or without a
knowledge of their limitations, models can lead to misdirected conclusions or
approaches. However, as concluded in the recent Great Lakes Environmental
Planning Study conducted by the Great Lakes Basin Commission (Heidtke et a1.
1981), when models are "used in combination with sound judgment and an
understanding of their appropriate applications, (they) provide a powerful
means of assessing the cumulative effects of alternate management decisions.“
Accordingly, it is important to fully comprehend the limitations of any model
before using it.
Overall, there are four factors that limit the use of models:
(1) conceptual simplification, (2) inadequate or inappropriate data, (3) lack
of complete validation, and (4) lack of quantitative measures of uncertainty.
Each of these factors is discussed below. In addition, the user's role in
minimizing inappropriate use of models is discussed.
CONCEPTUAL SIMPLIFICATION
Model—making should be subject to the rule of parsimony. Even in
elaborate or complex models only a limited number of features of a system
can be considered, requiring averaging or lumping of many factors. Therefore
models are, by nature, conceptually incomplete. The selection of model
variables will depend on the nature of the problem as well as the experience
and judgment of the modeler, since model development requires decisions to
be made regarding model complexity, cost, ease of use, data requirements,
and so forth. The final model design is based on compromises or tradeoffs.
To illustrate the effect of parsimony, consider that a model of lake trout
population dynamics in Lake Huron is unlikely to deal with the intricacies
of nutrient uptake by several functionally-distinct classes of algae. Yet,
nutrient uptake ultimately does have an effect on lake trout populations,
albeit an indirect and probably small one. Nevertheless, the necessity to
limit the size of models means that they will necessarily distort the real
world or give an imperfect representation of the system.
Intuitively, the important features which exert the major influence
over target features probably have been included in most Great Lakes models.
However, given that the spatial and structural bounding of a model is
subjective, the user must consider conceptual simplification in models.
It is also possible that models may be conceptually incomplete not because
of an error in judgment of the modeler, but rather because of a lack of
scientific understanding. For example, an important relationship between
water quality and fish may be left out of a model simply because that
relationship is not known or understood, rather than due to poor judgment by
the modeler. For whatever the reason, however, conceptual incompleteness
could result in incorrect predictions when used in a management context.
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orm
ati
on,
as
dic
tat
ed
by
the
nee
ds
and
obj
ect
ive
s
of
use
rs.
For
ins
tan
ce,
if
det
ail
ed
inf
orm
ati
on
abo
ut
the
rat
es
of
exc
han
ge
of
me
rc
ur
y
be
tw
ee
n
al
ga
e,
zo
op
la
nk
to
n,
an
d
fi
sh
in
a
la
ke
wh
ic
h
re
ce
iv
es
ef
fl
ue
nt
fr
om
a
pu
lp
mil
l
ar
e
ne
ed
ed
,
on
e
mi
gh
t
wi
sh
to
re
ly
on
a
dy
na
mi
c
sy
st
em
s
mo
de
l
wh
ic
h
co
mp
ar
tm
en
ta
li
ze
s
th
e
la
ke
and
can
tr
ac
e
th
e
st
at
es
of
th
es
e
co
mp
ar
tm
en
ts
in
de
ta
il
ov
er
ti
me
.
Al
te
rn
at
iv
el
y,
th
e
fi
sh
ma
y
be
of
gr
ea
te
st
ec
on
om
ic
im
po
rt
an
ce
,
an
d
ma
y
be
th
e
on
ly
co
mp
ar
tm
en
t
of
in
te
re
st
.
A
mo
re
co
mp
le
x
ec
os
ys
te
m
mo
de
l
co
ul
d
al
so
be
us
ed
in
th
is
cas
e,
if
it
we
re
av
ai
la
bl
e.
In
th
is
si
tu
at
io
n,
on
e
mi
gh
t
ch
oo
se
a
si
mp
le
r
mo
de
l
wh
ic
h
pr
ed
ic
ts
fi
sh
me
rc
ur
y
con
ten
t
fro
m m
erc
ury
loa
din
g
and
sel
ect
ed
key
var
iab
les
(e.
g.
epi
lim
net
ic
pH
an
d
ca
lc
iu
m
co
nc
en
tr
at
io
n;
Wr
en
an
d
Ma
cC
ri
mm
on
,
19
83
).
Th
e
fo
rm
er
,
mo
re
com
ple
x
mod
el,
mig
ht
als
o
ser
ve
the
lat
ter
sit
uat
ion
,
if
it
wer
e
alr
ead
y
ava
ila
ble
,
but
it
wou
ld
not
be
the
cho
ice
of
a m
ode
ler
att
emp
tin
g
to
ans
wer
the
nee
ds
of
the
sim
ple
r s
itu
ati
on.
In
eit
her
cas
e,
the
mod
el
use
r
mus
t
be
aw
ar
e
of
th
e
co
nc
ep
tu
al
li
mi
ta
ti
on
s
of
th
e
mo
de
l.
The
eco
sys
tem
mod
el
men
tio
ned
abo
ve
fol
low
s
a d
ete
rmi
nis
tic
app
roa
ch,
and
is
bas
ed
upo
n
a
ser
ies
of
dif
fer
ent
ial
equ
ati
ons
whi
ch
ref
lec
t
bas
ic
lim
no-
log
ica
l
pro
ces
ses
.
The
se
mod
els
acc
oun
t
for
and
tra
ce
as
man
y
var
iab
les
as
pos
sib
le
thr
oug
hou
t
the
sys
tem
,
and
con
ser
ve
mas
s,
ene
rgy
,
and
mom
ent
um
in
spa
ce
and
tim
e
(Ri
cha
rds
on
and
Tho
mas
,
197
6;
Lam
and
Hal
fon
,
l97
8).
Dyn
ami
c
eut
rop
hic
ati
on
mod
els
hav
e
bee
n
use
d
to
dev
elo
p
tar
get
pho
sph
oru
s
loa
ds
for
the
Gre
at
Lak
es
and
for
pre
dic
tin
g
the
eff
ect
s
of
nat
ura
l
var
ian
ce
in
the
rmo
—
cli
ne
dep
th
on
the
hyp
oli
mne
tic
oxy
gen
def
ici
t
in
Lak
e
Eri
e
(La
m e
t a
1.
l98
3).
The
se
mod
els
are
als
o i
mpo
rta
nt
as
res
ear
ch
too
ls
for
hel
pin
g t
o u
nde
rst
and
basic Great Lakes interactions.
An
inc
rea
se
in
gen
era
l
com
put
er
lit
era
cy
and
in
the
acc
ess
ibi
lit
y
of
lar
ge
mai
nfr
ame
com
put
ers
has
mad
e
the
dev
elo
pme
nt
and
use
of
det
erm
ini
sti
c
mod
els
fea
sib
le
for
man
y s
itu
ati
ons
.
How
eve
r,
one
dis
adv
ant
age
of
thi
s a
ppr
oac
h i
s
tha
t
it
req
uir
es
muc
h
mor
e
res
ear
ch
tim
e
and
com
put
er
res
our
ces
tha
n
sim
ple
r,
emp
iri
cal
met
hod
s.
Fur
the
rmo
re,
a s
hor
tco
min
g o
f t
his
app
roa
ch
is
tha
t n
o
com
ple
te
err
or
ana
lys
is
is
ava
ila
ble
for
the
se
mod
els
,
and
the
acc
ura
cy
of
the
ir
pre
dic
tio
ns
is
poo
rly
kno
wn
(Re
ckh
ow
and
Cha
pra
, l
983
).
Thu
s,
com
ple
x
mod
eli
ng
eff
ort
s d
o n
ot
alw
ays
imp
rov
e u
pon
est
ima
tes
mad
e b
y m
ore
sim
ple
and
less expensive approaches.
Kle
mes
(l9
82)
not
ed
two
pri
nci
pal
mer
its
of
emp
iri
cal
mod
els
, n
ame
ly
the
ir
sim
pli
cit
y a
nd
the
ir
pot
ent
ial
.
Suc
h m
ode
ls
typ
ica
lly
use
sim
ple
(e.g
. V
oll
enw
eid
er,
197
6)
or
mul
tip
le
reg
res
sio
n a
nal
ysi
s (
e.g.
Smi
th,
l98
2)
to
sta
tis
tic
all
y l
ink
pre
sum
pti
ve
dri
vin
g v
ari
abl
es
(e.
g.
pho
sph
oru
s
loa
din
g)
wit
h
oth
er
wat
er
qua
lit
y p
ara
met
ers
(e.
g.
chl
oro
phy
ll
a o
r w
ate
r
tra
nsp
are
ncy
).
The
y d
o n
ot
req
uir
e a
det
ail
ed
und
ers
tan
din
g o
f c
omp
lex
cau
sal
cha
ins
, a
nd
as
a r
esu
lt
the
ir
dat
a r
equ
ire
men
ts
are
typ
ica
lly
muc
h m
ore
mod
est
tha
n d
ete
rmi
nis
tic
mod
els
.
If
pro
per
ly
con
str
uct
ed,
emp
iri
cal
mod
els
mak
e
col
lec
ted
dat
a u
sef
ul
wit
hou
t d
ela
y,
and
thu
s c
an
pro
vid
e a
hig
h b
ene
fit
:co
st
ratio for users.
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draw
back
s,
or l
imit
atio
ns,
of e
mpir
ical
mode
ls c
an a
lso
be s
umma
rize
d
sim
ply
(Kl
eme
s,
198
2).
Bec
aus
e o
f n
atu
ral
var
iab
ili
ty
and
sam
pli
ng
err
or,
emp
iri
cal
mod
els
typ
ica
lly
hav
e l
arg
e u
nce
rta
int
ies
.
The
pre
dic
tio
ns
of
emp
iri
cal
mod
els
can
thu
s b
e f
air
ly
imp
rec
ise
, e
mph
asi
zin
g t
he
nee
d f
or
unc
ert
ain
ty
ana
lys
is
(as
wil
l b
e d
isc
uss
ed
lat
er)
.
Fur
the
rmo
re,
emp
iri
cal
mod
els
mus
t b
e r
ega
rde
d e
sse
nti
all
y a
s i
nte
rpo
lat
ion
for
mul
as.
The
y h
ave
no
jus
tif
ica
tio
n f
or
use
out
sid
e t
he
ran
ge
of
the
cal
ibr
ati
on
dat
a s
et,
and
the
ir
use
for
extr
apol
atio
n b
eyon
d th
ese
limi
ts
invo
lves
the
risk
of m
ajor
erro
rs.
How
eve
r,
whe
n t
he
kno
wle
dge
of
und
erl
yin
g p
roc
ess
es
is
too
wea
k t
o a
llo
w t
he
dev
elo
pme
nt
of
det
erm
ini
sti
c m
ode
ls,
the
emp
iri
cal
met
hod
pro
vid
es
a p
owe
rfu
l
man
age
men
t t
ool
.
Its
tra
ck
rec
ord
to
dat
e i
n t
he
Gre
at
Lak
es
(and
els
ewh
ere
)
has been impressive (cf. Appendix B).
In
con
clu
sio
n,
bot
h c
omp
lex
det
erm
ini
sti
c a
nd
sim
ple
emp
iri
cal
mod
els
hav
e l
egi
tim
ate
rol
es
in
Gre
at
Lak
es
man
age
men
t.
Nei
the
r a
re
con
cep
tua
lly
perf
ect,
but
know
ledg
e an
d di
rect
ion
can
be g
aine
d fr
om b
oth.
Exam
ples
of
the
two
diff
eren
t ap
proa
ches
are
give
n in
Tabl
e 1,
alon
g wi
th a
summ
ary
of
the
ir
cha
rac
ter
ist
ics
.
Des
pit
e c
onc
ept
ual
dif
fer
enc
es,
the
mod
els
in
Tab
le
l
pred
icte
d si
mila
r re
sult
s r
egar
ding
the
impa
ct o
f ph
osph
orus
cont
rol
in L
ake
Erie
.
Thu
s,
the
use
of
a s
pec
tru
m o
f m
ode
ls
for
app
lic
ati
ons
is
rec
omm
end
ed
in order to assess confidence in model conclusions.
DATA LIMITATIONS
Mode
ling
is d
epen
dent
upon
the
avai
labi
lity
of a
ppro
pria
te a
nd r
elia
ble
data
. A
ll t
oo o
ften
, es
peci
ally
in a
syst
em a
s la
rge
as t
he G
reat
Lake
s,
the
lack
of n
eces
sary
data
stym
ies
mode
l d
evel
opme
nt o
r pr
even
ts p
rope
r
veri
fica
tion
of m
odel
s.
Perh
aps
the
best
exam
ple
is i
n th
e ar
ea o
f to
xic
chem
ical
mode
ling
, w
here
the
lack
of a
ppro
pria
te d
ata
is a
majo
r im
pedi
ment
(Halfon, 1984a).
Mode
l u
sers
must
also
be c
ogni
zant
of t
he i
ssue
of d
ata
qual
ity.
The
best
of m
odel
s ca
nnot
make
reas
onab
le a
nd a
ccur
ate
pred
icti
ons
if t
hese
pred
icti
ons
are
made
usin
g im
prec
ise
or i
nacc
urat
e in
puts
.
Alth
ough
the
adag
e “
garb
age
in,
garb
age
out“
has
beco
me m
odel
ing
jarg
on,
it n
onet
hele
ss m
akes
an i
mpor
tant
point for model users.
On t
he o
ther
hand
, th
e la
ck o
f ce
rtai
n ty
pes
of d
ata
does
not
prec
lude
the
use
of m
odel
s,
even
for
pred
icti
ve p
urpo
ses.
If r
easo
nabl
e as
sump
tion
s ar
e
made
, mi
ssin
g da
ta c
an s
omet
imes
be e
stim
ated
(or
a ra
nge
of v
alue
s es
tima
ted
or worst—case scenarios employed) in order to use the model for preliminary
pred
icti
ons.
Assu
mpti
ons
can
some
time
s be
adju
sted
duri
ng t
he c
alib
rati
on
process or sensitivity analysis conducted to assess the importance of the
assumptions made. Such predictions can have great uncertainty (see below),
but
the
impl
icat
ions
of a
ssum
ptio
ns
can
be a
sses
sed
usin
g te
chni
ques
such
as
Monte Carlo simulation.
In m
any
case
s th
e da
ta u
sed
in m
odel
s we
re c
olle
cted
for
a pu
rpos
e ot
her
than
mode
ling
.
Howe
ver,
if d
ata
coll
ecti
on p
rogr
ams
are
cogn
izan
t of
mode
ling
needs, long-term savings can be achieved. The following list of concerns
should be considered when designing multipurpose sampling programs, such as
the Great Lakes Surveillance and Monitoring program:
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l. Which analytical methods are to be used? Methods should be
chosen which are sufficiently sensitive and precise to
provide good estimates of the variables being studied.
Furthermore, consistent analytical methodology is essential
if long—term data are to be properly used and interpreted.
Shapiro and Swain (l983) have made this point with regard
to recent controversies concerning long—term trends in
dissolved silica in Lake Michigan.
2. What will be the extent of temporal and spatial sampling?
How many samples will be taken how often at how many
sites? Is the sampling to be seasonal, or year—around?
3. Will the sampling pattern be systematic, random, or
systematic with a random start?
4. Where the influx of a substance (9.9. PCB) is to be
measured, what method should be used tocombine streamflow
measurements and concentration data?
5. If many factors are being studied at once, should the
surveys be synoptic in order to allow the study of
instantaneous relationships?
6. What proportion of total effort resources should go toward
observation of model variables versus rate measurements?
Despite the need for more high quality data, data collection is limited
by available funding. This problem is not easily solved. Nevertheless, to
more cost—effectively utilize available funds, data aquisition programs in the
future should consider the needs of modeling. Basic data should be collected
so new models can be developed, as well as data needed to verify or conduct
verification or post—audit studies.
VALIDATION
In very fewcases have Great Lakes predictive models been subjected to
the rigorous three step validation program explained earlier: l) calibration,
2) verification, and 3) post—audit. It is often impossible or impractical to
conduct all of these steps. Consequently, users must be aware of this
limitation.
In model calibration a possible limitation is that the results of using
different coefficient values may not give unique outputs. Also, different
sets of coefficients may fit data equally well but may lead to quite different
model predictions. One other point is that the variation and random nature of
model inputs, such as temperature, light, and flow, will often give different
results depending on how the values foreach input are calculated. In any
case users must be aware that a model that is "calibrated" is not necessarily
valid for any purpose other than that for which it was calibrated.
19
 As noted earlier, model verification is achieved when the model output
compares favorably with a data set independent from that used during model
calibration. In the case of complex deterministic models, this is an imposing
.task. In theory, thepredictions of the model should be compared at all
appropriate levels with different data obtained from real systems. However,
this is rarely done in practice, and in some cases all or part of the data
set used in the model calibration phase is used in the verification step as
well; such a procedure is not proper verification. In the final analysis it
is crucial that independent sets of data be used to check model output. Once
this has been done, quantitative methods can be used to examine the fit
between the predicted and observed data (Thomann, l982).
Verification of empirical models is in many ways more tractible because
these models are simpler and only attempt to correlate a small set of
variables of interest. One method involves the subdivision of the data
set into two equal groups. A model is used to assess each subset, and the
outputs are then compared statistically. If there is no significant
difference between the results, then the model is considered to have some
credance. The data can then be recombined and re-analyzed as a whole to
provide a better prediction (Reckhow and Chapra, l983).
An alternative verification procedure is a cross validation in which n—l
cases of the data set are used to calibrate and the remaining case is used to
verify the model. This procedure is repeated successively until every case
has been used as the verifying case. If goodness of fit criteria suggest that
the verification is consistently successful, then all the data are used in the
final model run. Reckhow and Chapra (l983) note that model and parameter
errors are probably both better characterized using this procedure than with
the two subsets approach discussed above.
No matter what the structure, it is important to realize that good
verification statistics do not necessarily guarantee that any model will
accurately predict future water quality (Thomann, l982). Some uncertainty
will always remain which arises from the coefficients of the model, the model
variables, and the model structure itself (Simons and Lam, l980). Therefore,
Great Lakes models should be subjected to post—audits in which their
predictions are tested with data from the actual results of environmental
control programs or other management actions. Unfortunately, post-audits
rarely occur. Only recently has there been some activity in this phase of
validation (DiToro and Winfield, l984).
An example of where a post—audit would be extremely valuable involves the
Great Lakes phosphorus control program. As mentioned previously, one of the
key uses of models in the Great Lakes has been to develop phosphorus loading
control strategies. Now that phosphorus controls are largely in place, it
follows that the response of the lakes to the phosphorus input reduction
should be measured and compared to model predictions. Since large sums have
been spent in the United States and Canada in what is undoubtedly the largest
eutrophication control effort in the world, it would seem prudent to closely
follow the effects of this reduction and to use the information to conduct
20
 
  
post—audits on the models used to help develop the program. Such a process
might uncover new knowledge that could lead to adjustments in the current
program or could help shape future strategies in the Great Lakes and
elsewhere. A relatively small investment in a well—coordinated, multi—
national post—audit could conceivably save millions of dollars in the future.
Such a study is also likely to have many scientific and technical spinoffs
that will help advance our understanding of the Great Lakes ecosystem.
UNCERTAINTY
As can be inferred from the foregoing discussion, questions such as
"how good is the model?“ involve judgment. What is "reasonable" or "good" to
one may not be so to another. Therefore, there is a need to have quantitative
measures of the accuracy and precision of models.
Measures of model performance, such as regression analysis between
predicted and actual or observed values, mean square errors, and comparisons
of means, have been reviewed recently by Thomann (l982). He notes that recent
increases in the complexity of water resources issues and the complexity of
models being developed have required the use of such statistical techniques
to evaluate results.
Including uncertainty analysis in the modeling process provides
quantitative measures for model users to evaluate the accuracy of models.
It also allows users, as described by Thomann, to: l) better compare models,
2) provide a means to evaluate whether new models improve model performance,
and 3) to stimulate modelers themselves to improve their model performance.
On the other hand, Thomann (1982) warns that measuring model performance
could have drawbacks. There may be a tendency to “curve fit" models to data
to get better statistics. Also, good model performance does not guarantee
the ability of such a model to predict the future. Furthermore, statistical
information, although very useful, should supplement, not replace, informed
judgment. Overall, however, such drawbacks do not outweigh the advantages of
using quantitative measures of model precision and accuracy.
The uncertainty in model performance reflects not only model structure,
but also uncertainty in the numerical representation of the input variables
and constants of the model. Generally, environmental data sets consist of a
range of values for any given parameter. Limitations of sampling, natural
variability, and measurement error contribute to uncertainty. For example, in
lake models using phosphorus loading as an input variable, phosphorus loading
estimates will be affected by the enormous samplingproblems and the difficulty
in measuring low levels of phosphorus. In addition, the phosphorus load varies
naturally from year to year. Ideally, the uncertainty of the values used in
models is reflected in model results. Techniques such as Monte Carlo analysis
can be used todevelop this information. Reckhow and Chapra (1983) and Chapra
and Reckhow (1983) have documented various ways to quantify the effects of
uncertainty in water resources models.
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More important, however, is the recognition that a model is only suitable when
it is applied to lakes that have characteristics in common with those used in
its calibration. For example, some simple, empirical phosphorus models, such
as the one by Dillon and Rigler (l974) are explicitly formulated such that the
spring turnover total phosphorus concentrations are used to predict average
summer chlorophyll a. The Dillon and Rigler model was designed, however, to
be used only when the spring total nitrogen: total phosphorus ratio exceeds
l2:l by weight; the error that can result from the indiscriminate use of their
model is stressed by Smith and Shapiro (l98l) and Smith (1982).
Taking the Dillon and Rigler model again as an example, one should
note that this model implicitly assumes that the spring total phosphorus
concentration is a good indicator of the amount of phosphorus that will be
available for algal growth during the summer. This assumption is not always
satisfied, however. It can be shown (Prepas and Trew, l983; Nurnberg, 1984)
that in many systems the summer total phosphorus concentration can increase
significantly over spring levels. Similarly, the presence of particulate
phosphorus in suspended sediments (Hoyer and Jones, 1983; Bierman et a1. 1984)
can also confound the relationship between total phosphorus and chlorophyll.
Both factors increase the uncertainy of predictions of summer phytoplankton
biomass, and it should thus be recognized that the model output can be taken
only as an estimate of the lake's true response.
One additional (and very disconcerting) aspect of models is that users
often place more trust in predictions of the models than is actually warranted.
A model provides convenient output values which are seductively simple; only
rarely is the model output accompanied by a statement of uncertainty or error.
Thus, it is common for users to believe that a model provides more information
about a system or problem than exists in reality. Accordingly, it should
always be recognized that a model output can be taken only as an estimate of
the system's true response.
Since unwary users may be misled by information apparently provided by
models, potential users should, whenever possible, be involved at the model
development stage. Users should specify the issues or questions that they are
attempting to resolve through the modeling process, and development should
only proceed after question refinement involving both user and modeler. The
precise definition of problems will ensure that modeler and user alike under—
stand what is to be expected and will also permit subsequent evaluation of
the validity of model projections. Refinement of models would include the
description of additional data needs and/or environmental processes affecting
the predicted output parameters as well as changes to (or complete re—writing
of) the simulation model itself.
    
  
IV. Technology Transfer
As models are developed, calibrated, and verified, their credibility and
utility to management increases. At some point in the modeling process, their
computer programs must be documented and user manuals prepared. However, the
question always remains on how best to transfer models to users who may not
be familiar with their limitations. Thus far there has been little success
in “turning over“ models to managers or other users. Particularly for the
Great Lakes where the levels of complexity are great and where scientific
uncertainty remains high, there is a need to maintain qualified modeling
experts ready to assist managers or management organizations, or at the least
to develop or revise models so they are user oriented. Most modelers are
willing to respond to specific management requests and to become involved with
model applications but are concerned that unsupervised use of models could
result in incorrect conclusions being drawn. Indeed, it would be ideal to
have a model‘s originator(s) available when the model is run. However, such
a practice is often not possible and usually not practical.
One new approach to technology transfer is the use of personal computers
and the development of user—friendly modeling software. A model that can be
run on a personal computer allows intimate involvement in the modeling
process. For example, using a model directly, a planner or manager could
quickly ascertain the effect of a decision. Such a person could optimize a
solution by trial—and—error evaluations undertaken in a real—time mode.
Consequently, a major resistance to the use of models - the lack of control
and the feeling of not being part of the process - can be overcome by using
personal computer technology. For the future, the design of predictive models
so they can be run on personal computers is likely to be a major activity.
DOCUMENTATION
All models, if they are to be useful to persons other than the originator,
should be documented. Unfortunately, there has been a shortage of well
documented models, in the sense of having both a detailed explanation embedded
in the program listing and a separate but self-contained user's manual. The
reluctance on the part of the modeler to fully document models is partly due
to the extra effort involved (sometimes even greater than the programming
itself) and partly due to the fact that it is difficult to write a user's
manual that can be easily understood by an audience whose expertise is likely
to vary widely and which may be unknown to the modeler.
If the model is meant to be used, however, it is an inescapable respon—
sibility for the modeler to document the model. A good strategy to begin with
is to separate the potential users into at least two categories: those who
have some modeling knowledge and those who do not. For the first category,
it may be necessary to label those areas in the computer program that should
not be allowed to change and other areas that can be altered by the user.
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re
vi
se
d.
Th
e
st
at
e-
of
—t
he
—a
rt
of
mo
de
li
ng
is
be
in
g
co
ns
ta
nt
ly
en
ha
nc
ed
by
ne
w
an
d
les
s
ex
pe
ns
iv
e
co
mp
ut
er
te
ch
no
lo
gy
.
Ou
tp
ut
can
no
w
be
di
sp
la
ye
d
mo
re
ef
fi
ci
en
tl
y
'u
si
ng
co
mp
ut
er
gr
ap
hi
cs
,
an
d
mo
de
l
se
t—
up
can
be
im
pr
ov
ed
by
ne
w
so
ph
is
ti
ca
te
d
in
pu
t
te
ch
ni
qu
es
.
As
mo
de
ls
ar
e
re
vi
se
d
it
is
es
pe
ci
al
ly
im
po
rt
an
t
to
ke
ep
th
e
us
er
co
mm
un
it
y
aw
ar
e
of
ch
an
ge
s,
in
cl
ud
in
g
ne
w
ap
pl
ic
at
io
ns
.
Ge
ne
ra
ll
y,
it
is
mo
re
co
st
—e
ff
ec
ti
ve
to
re
vi
se
ex
is
ti
ng
mo
de
ls
th
an
to
bu
il
d
ne
w
on
es
as
ad
di
ti
on
al
te
ch
ni
ca
l
in
fo
rm
at
io
n
be
co
me
s
av
ai
la
bl
e.
Al
on
g
th
e
li
ne
s
of
mo
de
l
re
vi
si
on
s,
li
nk
in
g
di
ff
er
en
t
mo
de
ls
to
ge
th
er
to
so
lv
e
a
pr
ob
le
m
is
be
co
mi
ng
in
cr
ea
si
ng
ly
im
po
rt
an
t.
Fo
r
ex
am
pl
e,
a
hy
dr
o—
dy
na
mi
c
mo
de
l
mi
gh
t
be
li
nk
ed
wi
th
a
ch
em
ic
al
mo
de
l,
wh
ic
h
in
tu
rn
mi
gh
t
be
li
nk
ed
to
a
bi
ol
og
ic
al
mo
de
l
to
as
se
ss
th
e
ef
fe
ct
of
a
ch
em
ic
al
spi
ll
(s
ee
La
m
et
a1.
l9
76
).
Th
e
ap
pr
oa
ch
of
bu
il
di
ng
an
ov
er
al
l
mo
de
l
ba
se
d
on
a
se
ri
es
of
su
b—
mo
de
ls
has
ma
ny
ad
va
nt
ag
es
,
no
t
th
e
le
as
t
of
wh
ic
h
is
ec
on
om
ic
ef
fi
ci
en
cy
.
Ce
rt
ai
nl
y
th
is
ap
pr
oa
ch
is
ad
va
nt
ag
eo
us
to
bu
il
di
ng
mo
de
ls
de
nov
o.
It
can
,
ho
we
ve
r,
re
su
lt
in
a
gr
ea
tl
y
in
cr
ea
se
d
lev
el
of
co
mp
le
xi
ty
and
,
he
nc
e,
of
un
ce
rt
ai
nt
y.
It
al
so
po
se
s
co
mp
ut
er
st
or
ag
e
pr
ob
le
ms
,
al
th
ou
gh
ne
w
te
ch
ni
qu
es
for
sim
pli
fyi
ng
the
int
egr
ati
on
app
roa
ch
may
red
uce
thi
s
pro
ble
m
(La
m e
t a
1.
l982).
Alt
hou
gh
not
a m
ajo
r
pro
ble
m
in
the
pas
t,
dup
lic
ati
on
of
con
cep
tua
lly
sim
ila
r m
ode
lin
g
eff
ort
s
is
dis
cou
rag
ed.
Whi
le
the
re
are
som
e a
dva
nta
ges
to
hav
ing
inv
est
iga
tor
s
bui
ld
the
sam
e
or
sim
ila
r
mod
els
ind
epe
nde
ntl
y,
the
sca
rci
ty
of
res
our
ces
gen
era
lly
mak
es
suc
h
an
app
roa
ch
an
unw
arr
ant
ed
lux
ury
.
One
way
to
hel
p
avo
id
dup
lic
ati
on
of
eff
ort
is
to
mai
nta
in
and
per
iod
ica
lly
pub
lis
h
an
upd
ate
d
inv
ent
ory
of
Gre
at
Lak
es
mod
els
suc
h
as
pre
sen
ted
in
App
end
ix
B.
Suc
h
an
inv
ent
ory
sho
uld
pro
vid
e
eno
ugh
inf
orm
ati
on
to
ale
rt
res
ear
ch
man
age
rs
and
gra
nti
ng
age
nci
es
of
pos
sib
le
dup
lic
ati
on
of
eff
ort
.
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E
F
T
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V
T
h
e
Fu
tu
re
fo
r
Gr
ea
t
La
ke
s
Mo
de
li
ng
Se
ve
ra
l
fa
ct
or
s
re
la
ti
ng
to
ma
na
ge
me
nt
of
th
e
Gr
ea
t
La
ke
s
re
so
ur
ce
s
in
di
ca
te
th
at
mo
de
ls
wi
ll
as
su
me
an
in
cr
ea
si
ng
ro
le
in
th
e
ma
na
ge
me
nt
pr
oc
es
s.
Am
on
g
th
e
fa
ct
or
s
th
at
ma
y
be
im
po
rt
an
t
ar
e:
l.
Ma
na
ge
me
nt
de
ci
si
on
s
ar
e
mo
vi
ng
to
wa
rd
s
ec
os
ys
te
m
co
nc
ep
ts
an
d
sc
al
es
so
th
at
re
al
iz
at
io
n
of
th
e
co
mp
le
x
re
la
ti
on
sh
ip
s
am
on
g
in
cr
ea
si
ng
nu
mb
er
s
of
va
ri
ab
le
s
wi
ll
ev
en
tu
al
ly
in
hi
bi
t
in
tu
it
iv
e
ju
dg
me
nt
an
d
de
ci
si
on
ma
ki
ng
.
2.
A
hi
gh
er
le
ve
l
of
so
ph
is
ti
ca
ti
on
in
th
e
re
qu
ir
ed
de
ci
si
on
s
wi
ll
re
qu
ir
e
ju
dg
me
nt
s
ba
se
d
on
mo
re
pr
ec
is
e
an
d
qu
an
ti
ta
ti
ve
un
de
rs
ta
nd
in
g
ac
co
mp
an
ie
d
by
me
as
ur
es
of
un
ce
rt
ai
nt
y
or
nu
me
ri
ca
l
co
nf
id
en
ce
li
mi
ts
.
3.
In
cr
ea
se
d
da
ta
fr
om
lo
ng
er
pe
ri
od
s
of
im
pr
ov
ed
su
rv
ei
ll
an
ce
wi
ll
ma
ke
po
ss
ib
le
de
ve
lo
pm
en
t
an
d
va
li
da
ti
on
of
mo
re
pr
ec
is
e
mo
de
ls
,
an
d
as
a
co
ro
ll
ar
y,
mo
de
ls
wi
ll
be
ex
pe
ct
ed
to
in
te
gr
at
e
th
e
av
ai
la
bl
e,
la
rg
er
am
ou
nt
s
of
in
fo
rm
at
io
n.
4.
Mo
de
ls
an
d
mo
de
li
ng
me
th
od
ol
og
ie
s
ha
ve
ma
de
gr
ea
t
ad
va
nc
es
,
th
er
eb
y
la
rg
el
y
ov
er
co
mi
ng
th
e
ne
ga
ti
ve
re
sp
on
se
s
th
at
de
ve
lo
pe
d
in
it
ia
ll
y
fr
om
ex
ce
ss
iv
e
op
ti
mi
sm
ab
ou
t
th
ei
r
usefulness.
5.
Di
sp
er
se
d
co
mp
ut
at
io
na
l
ca
pa
bi
li
ty
th
ro
ug
h
in
tr
od
uc
ti
on
of
mi
cr
o—
co
mp
ut
er
s
wi
ll
op
en
mo
de
l
ap
pl
ic
at
io
ns
to
a
ne
w
ge
ne
ra
ti
on
of
ma
na
ge
rs
fa
mi
li
ar
wi
th
su
ch
co
mp
ut
er
s.
Se
ve
ra
l
mo
de
li
ng
ar
ea
s
wh
ic
h
wi
ll
li
ke
ly
be
gi
ve
n
ca
re
fu
l
co
ns
id
er
at
io
n
in
th
e
im
me
di
at
e
fu
tu
re
ar
e
di
sc
us
se
d
be
lo
w.
Th
es
e
de
sc
ri
pt
io
ns
ar
e
no
t
in
te
nd
ed
to
be
in
cl
us
iv
e
of
al
l
is
su
es
ex
pe
ct
ed
to
be
en
co
un
te
re
d,
bu
t
ra
th
er
to
gi
ve
an
id
ea
of
th
e
ty
pe
of
pr
ob
le
ms
li
ke
ly
to
re
qu
ir
e
at
te
nt
io
n.
EUTROPHICATION
Fu
tu
re
us
e
of
eu
tr
op
hi
ca
ti
on
mo
de
ls
wi
ll
be
la
rg
el
y
in
a
po
st
—a
ud
it
mo
de
,
si
nc
e
th
ey
ha
ve
al
re
ad
y
be
en
us
ed
fo
r
th
e
ac
tu
al
pl
an
ni
ng
of
ph
os
ph
or
us
ma
na
ge
me
nt
st
ra
te
gi
es
.
La
ck
of
fu
nd
in
g
ma
y
de
la
y
po
st
-a
ud
it
in
g
bu
t
th
is
la
ck
sh
ou
ld
be
sh
or
t
te
rm
an
d
pl
an
ni
ng
fo
r
po
st
-a
ud
it
s
sh
ou
ld
be
un
de
rt
ak
en
no
w.
Fu
rt
he
r
in
to
th
e
fu
tu
re
,
as
th
e
ta
rg
et
lo
ad
s
ar
e
ap
pr
oa
ch
ed
,
mo
re
ex
pe
ns
iv
e
st
ra
te
gi
es
su
ch
as
no
np
oi
nt
so
ur
ce
co
nt
ro
ls
wi
ll
ha
ve
to
be
co
ns
id
er
ed
if
ex
is
ti
ng
co
nt
ro
ls
pr
ov
e
in
ad
eq
ua
te
.
Th
es
e
st
ra
te
gi
es
wi
ll
di
ct
at
e
th
e
de
ve
lo
pm
en
t
of
ad
va
nc
ed
re
so
ur
ce
op
ti
ma
li
za
ti
on
mo
de
s.
Ma
jo
r
de
fi
ci
en
ci
es
of
th
e
ex
is
ti
ng
eu
tr
op
hi
ca
ti
on
mo
de
ls
ha
ve
be
en
id
en
ti
fi
ed
(S
im
on
s
an
d
La
m,
19
80
)
29
 and
fut
ure
ref
ine
men
t o
f e
xis
tin
g m
ode
ls
will
lik
ely
foc
us
on
a b
ett
er
und
ers
tan
din
g o
f u
nde
rly
ing
pro
ces
ses
, a
nd
cor
res
pon
din
gly
, m
ore
rel
iab
le
kin
eti
c f
orm
ula
tio
ns.
Nea
rsh
ore
wat
er
qua
lit
y c
onc
ern
s s
uch
as
the
Cla
dop
hor
a p
rob
lem
wil
l c
ont
inu
e t
o b
e c
hal
len
gin
g r
ese
arc
h t
opi
cs
for
modelers.
TOXIC SUBSTANCES
Mod
eli
ng
the
beh
avi
or
of
xen
obi
oti
c c
hem
ica
ls
is
in
its
inf
anc
y c
omp
are
d
to
eut
rop
hic
ati
on
mod
eli
ng.
The
pri
mar
y u
til
ity
of
suc
h m
ode
ls
will
be
to
pre
dic
t c
onc
ent
rat
ion
s o
f s
ubs
tan
ces
in
the
var
iou
s c
omp
art
men
ts
of
the
eco
sys
tem
(ai
r,
wat
er,
sed
ime
nt,
fis
h,
etc.
) o
ver
tim
e a
nd
spa
ce.
For
che
mic
als
lik
e P
CBs
and
tox
aph
ene
whi
ch
are
alr
ead
y r
egu
lat
ed,
the
que
sti
on
is "
how
long
befo
re c
once
ntra
tion
s in
fish
reac
h ac
cept
able
leve
ls u
nder
var
iou
s m
iti
gat
ive
act
ion
s?“
For
oth
er
exi
sti
ng
sub
sta
nce
s l
ike
hea
vy
met
als
the
ques
tion
is “
what
are
the
allo
wabl
e l
oadi
ngs
to m
aint
ain
wate
r qu
alit
y
stan
dard
s?“
For
new
chem
ical
s th
e qu
esti
on r
ever
ts t
o "w
hat
will
the
conc
entr
atio
ns b
e in
vari
ous
comp
onen
ts
of t
he e
cosy
stem
unde
r al
tern
ativ
e
cond
itio
ns o
f ma
nufa
ctur
e an
d us
e?"
Alth
ough
fram
ewor
ks a
nd c
ompu
ter
prog
rams
exis
t fo
r ba
sic
subs
tanc
es
(See
Appe
ndix
B) a
nd h
ave
been
appl
ied
in l
imit
ed
ways, insufficient field data (1.9. loadings, ambient concentrations,
proc
ess
rate
s)
exis
t to
adeq
uate
ly
vali
date
thes
e mo
dels
.
Refi
neme
nt o
f su
ch
mode
ls
shou
ld f
ocus
on i
mpro
ved
desc
ript
ions
of e
cosy
stem
comp
artm
ent
size
s
and
proc
esse
s as
well
as c
ombi
ning
exis
ting
phys
ical
mode
ls w
ith
thos
e
desc
ribi
ng g
ener
aliz
ed c
hemi
cal
degr
adat
ion
and
part
itio
ning
. N
ever
thel
ess,
even
at p
rese
nt t
oxic
mode
ls a
re c
apab
le o
f as
sist
ing
rese
arch
mana
gers
in
ident
ifyin
g im
porta
nt p
arame
ters
requi
ring
preci
se de
termi
natio
n.
Undou
btedl
y,
futu
re m
odel
deve
lopm
ent
will
be h
eavi
ly o
rien
ted
towa
rd t
oxic
subs
tanc
es.
WATER DIVERSION
The
poss
ibil
ity
of e
xpor
ting
Grea
t La
kes
wate
r th
roug
h di
vers
ion
chan
nels
has
beco
me a
sign
ific
ant
envi
ronm
enta
l i
ssue
.
Poss
ible
effe
cts
incl
ude
decl
ine
of w
ater
leve
ls,
reta
rdat
ion
of h
ydra
ulic
flow
s,
chan
ges
in l
ake
circ
ulat
ion,
decr
ease
in l
ake
resi
denc
e ti
mes,
and
alte
rati
on o
f co
astl
ines
.
At s
take
is t
he i
ncre
ased
freq
uenc
y of
anox
ia i
n La
ke E
rie'
s Ce
ntra
l B
asin
as
the
hypo
limn
ion
beco
mes
shal
lowe
r,
high
er c
once
ntra
tion
s of
cont
amin
ants
as
lake
volu
mes
dimi
nish
, l
ess
hydr
oele
ctri
cal
ener
gy p
oten
tial
as c
onne
ctin
g
chan
nel
flow
s l
esse
n,
and
dest
ruct
ion
of s
ome
biol
ogic
al c
ommu
niti
es a
s th
e
shoreline recedes. Many of these water quantity and quality issues, such as
where and how many diversions should take place (if at all), pose a new future
challenge to modelers.
ECOSYSTEH APPROACH
As expressed by the Science Advisory Board and reiterated many times by
the International Joint Commission, proper and effective management of the
Great Lakes requires an understanding of the total ecosystem, including the
diverse interactions that occur within its components. These components
include an array of chemical, physical, biological and societal aspects.
30
 
  
Al
th
ou
gh
co
mm
it
te
d
to
su
ch
an
ap
pr
oa
ch
,
im
pl
em
en
ti
ng
it
in
a
pr
ac
ti
ca
l
ma
nn
er
co
nt
in
ue
s
to
be
di
ff
ic
ul
t.
Pe
rh
ap
s
th
e
on
ly
wa
y
th
at
an
ec
os
ys
te
m
ap
pr
oa
ch
ca
n
be
in
st
it
ut
ed
is
th
ro
ug
h
ma
th
em
at
ic
al
mo
de
ls
.
Mo
de
ls
ar
e
tr
ue
sy
st
em
to
ol
s
in
th
at
th
ey
(1)
in
te
gr
at
e
in
fo
rm
at
io
n
to
cr
ea
te
ne
w
da
ta
th
at
ot
he
rw
is
e
wo
ul
d
no
t
be
ob
ta
in
ab
le
an
d
(2
)
al
lo
w
in
fo
rm
at
io
n
to
be
de
ve
lo
pe
d
ve
ry
ef
fi
ci
en
tl
y
(e
.g
.
wi
th
co
mp
ut
er
s)
.
In
ot
he
r
wo
rd
s,
mo
de
ls
,
be
in
g
nu
me
ri
ca
l
re
pr
es
en
ta
ti
on
s
of
re
al
wo
rl
d
sy
st
em
s,
ma
y
of
fe
r
th
e
on
ly
re
al
ho
pe
of
de
sc
ri
bi
ng
th
e
my
ri
ad
in
te
rr
el
at
io
ns
hi
ps
am
on
g
sy
st
em
co
mp
on
en
ts
.
Mo
de
li
ng
wi
ll
no
t
be
th
e
on
ly
an
sw
er
to
im
pl
em
en
ti
ng
th
e
ec
os
ys
te
m
ap
pr
oa
ch
,
ho
we
ve
r.
De
sp
it
e
th
e
po
we
r
of
mo
de
rn
co
mp
ut
in
g,
th
e
in
te
ra
ct
io
ns
in
mo
st
sy
st
em
s
ar
e
to
o
co
mp
le
x
to
al
lo
w
mo
de
li
ng
of
all
as
pe
ct
s.
Si
mp
li
fy
in
g
as
su
mp
ti
on
s
ha
ve
to
be
ma
de
,
re
qu
ir
in
g
so
un
d
sc
ie
nt
if
ic
in
si
gh
t
an
d
kn
ow
le
dg
e.
Fu
rt
he
rm
or
e,
use
of
mo
de
ls
wi
ll
de
ma
nd
th
at
de
ci
si
on
—m
ak
er
s
be
kn
ow
le
dg
ea
bl
e
ab
ou
t
th
e
mo
de
li
ng
pr
oc
es
s.
Mo
de
ls
mu
st
be
wi
se
ly
us
ed
as
to
ol
s
(n
ot
as
en
ds
in
th
em
se
lv
es
)
to
as
se
ss
th
e
ef
fe
ct
s
of
po
li
cy
op
ti
on
s
on
Gr
ea
t
La
ke
s
sy
st
em
s.
Ne
ve
rt
he
le
ss
,
th
e
de
ve
lo
pm
en
t
of
ne
w
ec
os
ys
te
m
mo
de
ls
wi
ll
li
ke
ly
re
ce
iv
e
co
ns
id
er
ab
le
at
te
nt
io
n
in
th
e
fu
tu
re
if
th
e
ec
os
ys
te
m
ap
pr
oa
ch
,
wh
ic
h
st
ri
ve
s
to
in
te
gr
at
e
al
l
as
pe
ct
s
of
ma
n
an
d
hi
s
en
vi
ro
nm
en
t,
is
to
be
ef
fe
ct
iv
el
y
im
pl
em
en
te
d
in
comprehensive management.
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TERMS OF REFERENCE FOR THE
MODELING TASK FORCE OF THE
GREAT LAKES SCIENCE ADVISORY BOARD
INTRODUCTION
Considerable effort has been devoted to developing predictive simulation
mode
ls f
or n
utri
ents
and
toxi
cant
s in
the
Grea
t La
kes.
Thes
e ma
them
atic
al
mod
els
pro
vid
e s
cie
nti
sts
wit
h t
ool
s w
hic
h a
ssi
st
in
obt
ain
ing
a b
ett
er
unde
rsta
ndin
g of
the
phys
ical
, c
hemi
cal
and
biol
ogic
al
proc
esse
s o
ccur
ring
in
the
Grea
t La
kes.
They
can
also
be u
sed
to e
stim
ate
resp
onse
s in
the
Grea
t
Lake
s ec
osys
tem
to c
hang
es
in p
ollu
tant
load
ings
and
othe
r st
ress
es o
n th
e
syst
em.
Mode
ling
effo
rts
prov
ide
a fr
amew
ork
for
orga
nizi
ng s
urve
illa
nce
activities and often identify information gaps.
The
rese
arch
and
data
coll
ecti
on n
eces
sary
to d
evel
op,
cali
brat
e an
d
veri
fy t
he
vari
ous
mode
ls a
re b
eing
carr
ied
out
by m
any
gove
rnme
ntal
agen
cies
and universities. There is a need for better communication between those
working on the development of various models and related research and the
users of these models.
The Modeling Task Force will provide a focal point for the exchange of ,
information, data, and solutions to problems relating to modeling of the
Great Lakes. The Task Force will also provide advice on requirements, the
stat
e—of
—the
—art
of m
odel
ing,
the
conf
iden
ce w
hich
can
be p
lace
d in
the
mode
ls
in t
heir
pres
ent
stat
e of
deve
lopm
ent,
and
data
need
s fo
r im
prov
emen
t of
thes
e
models.
OBJECTIVES
T. To provide an overview of Great Lakes models relevant to
ecosystem management, considering data requirements,
input/output variables, spatial and temporal applicability,
major assumptions, limitations, unique features and actual
applications.
2. To evaluate the usefulness of models:
— for planning surveillance activities; and
— as management tools for Great Lakes ecosystem assessment.
3. To recommend quantitative measures for modelers to use in
verification efforts, with specific emphasis on
eutrophication and toxic substances models.
4.
To
ide
nti
fy
Gre
at
Lak
es
mod
eli
ng
res
ear
ch
nee
ds,
giv
ing
initial priority to needs related to validation and
usefulness of models.
39
 5. At the discretion of the Task Force and with the approval
of the Science Advisory Board, to organize a symposium or
workshop on Great Lakes modeling research and application.
This workshop will address the above research areas and may
include new areas uncovered by the Task Force.
MEMBERSHIP
The Task Force membership will consist of representatives from the
governments, universities and the private sector who will contribute one or
more of the following to the effort:
- knowledge of mathematical modeling, including statistical,
deterministic and process modeling;
- knowledge of the Great Lakes, especially of pollutant
loadings and “in—lake“ concentrations; andv
- experience in the utilization of modeling results for
management purposes.
SCHEDULE
The Task Force will follow the schedule outlined below in order to
accomplish the above objectives:
First Meeting — May 1983
Progress Report to the Science Advisory Board — September l983
Symposium/Workshop - May 1984
Final Report to the Science Advisory Board - September 1984
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 APPENDIX 8
UPDATE 0F INVENTORY OF GREAT LAKES MATHEMATICAL MODELS
The foliowing inventory updates an inventory
prepared by Heidtke (1979) which is on file
at the Internationa] Joint Comission's Great
Lakes Regional Office. Models categorized in
the prior inventory are not Tisted here.
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as
la
ye
rs
Ve
ri
fi
ed
:
l9
73
—7
7
da
ta
.
ha
ve
be
en
us
ed
an
d
al
l
re
su
lt
ed
in
go
od
Ha
s
be
en
ap
pl
ie
d
to
l9
78
—8
3
Lake Ontario‘s data by
In
la
nd
Wa
te
rs
Di
re
ct
or
at
e
Su
rv
ei
ll
an
ce
an
d
Mo
ni
to
ri
ng
personnel.
co
mp
ar
is
on
s
wi
th
ph
os
ph
or
us
da
ta
,
in
di
ca
-
ti
ng
un
ce
rt
ai
nt
ie
s
in
th
e
mo
de
l
st
ru
ct
ur
e.
Pe
ri
od
ic
bo
un
da
ry
co
nd
it
io
ns
ar
e
pr
ef
er
re
d
du
ri
ng
ca
li
br
at
io
n
to
av
oi
d
ma
gn
if
ic
at
io
n
of
bi
as
es
in
su
bs
eq
ue
nt
lo
ng
te
rm
si
mu
la
ti
on
.
Te
st
ed
in
l—
bo
x
an
d
3-
0
mo
de
s.
Av
ai
la
bl
e
in
op
er
at
io
na
l
co
de
an
d
fo
r
in
te
ra
ct
iv
e
co
mp
ut
er
fa
ci
li
ti
es
.
3 horizontal
segments
(basins) 3
vertical layers
(epi-, meso-,
hypolimnion),
1.9. 9—box
model with the
interfaces
of layers
changing
daily with
thermocline
positions and
water levels
Ca
li
br
at
ed
:
19
78
cc
1w
da
ta
.
Verified: 1967—77 cc1w
da
ta
,
19
79
-8
0
cc
1w
,
CL
EA
R
da
ta
,
19
81
-8
2
CL
EA
R
da
ta
.
From these 16 years of
computations and data,
the dissolved oxygen
co
nc
en
tr
at
io
n
is
pr
es
en
te
d
as a series of curves
re
sp
on
di
ng
to
di
ff
er
en
t
we
a
t
h
e
r
in
fl
ue
nc
es
,
wa
te
r
levels, and nutrient
loadings.
Di
ss
ol
ve
d
ox
yg
en
de
fi
ci
en
cy
in
Ce
nt
ra
l
Ba
si
n
hy
po
li
mn
io
n
is
st
ro
ng
ly
li
nk
ed
to
we
at
he
r
pa
tt
er
ns
an
d
we
ak
ly
li
nk
ed
to
ph
os
ph
or
us
lo
ad
re
du
ct
io
n.
Th
e
mo
de
l
as
su
me
s
ho
ri
zo
nt
al
ho
mo
ge
ne
it
y
wi
th
in
ea
ch
ba
si
n.
Th
e
mo
va
bl
e
ve
rt
ic
al
in
te
rf
ac
es
ar
e
un
iq
ue
fe
at
ur
es
in
th
is
mo
de
l,
wh
er
eb
y
th
e
ph
ys
ic
al
di
ff
us
io
n
an
d
en
tr
ai
nm
en
t
ar
e
si
mu
la
te
d
se
pa
ra
te
ly
to
ac
co
un
t
fo
r
th
e
we
at
he
r
in
fl
ue
nc
es
on
the formation of anoxia.
At sampling
stations
Time series stochastic
models correlating data
of DC with data of
te
mp
er
at
ur
e,
SR
P,
wa
te
r
levels for l965—l980.
Pr
ob
ab
il
it
y
cu
rv
es
sh
ow
in
g
po
ss
ib
le
DO
co
nc
en
tr
at
io
ns
fo
r
gi
ve
n
va
lu
es
of
te
mp
er
at
ur
e,
SR
P
co
nc
en
tr
at
io
n
an
d
wa
te
r
le
ve
ls
.
Ti
me
s
se
ri
es
ar
e
de
si
gn
ed
fo
r
ti
me
in
te
rv
al
s
be
tw
ee
n
cr
ui
se
s.
3—Dimensional
over 235
horizontal
segments,
vertical
temperature
profiles for
vertical
resolution
(4 vertical
layers)
Calibrated: 1973 data.
2—
co
mp
ar
tm
en
t
ph
os
ph
or
us
mo
de
l
wi
th
ca
pa
bi
li
ty
to
in
ve
st
ig
at
e
ne
ar
sh
or
e
pr
ob
le
ms
.
Th
e
ne
ar
sh
or
e
ef
fe
ct
s
ar
e
th
e
co
mb
in
at
io
n
of
la
ke
hy
dr
od
yn
am
ic
s,
pa
rt
ic
ul
ar
ly
th
e
ge
ne
ra
l
an
ti
cl
oc
kw
is
e
ci
rc
ul
at
io
n,
an
d
ph
os
ph
or
us
lo
ad
in
g
sources.
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 WATER QUALITY MODELS (Continued)
Model and Principal Input Data Principal Out-
Investigator Requirements put Variables Projections
Simons' 3—Dimentional Nutrient loadings, lake Nurtrient Daily time
Water Quality Model hydrodynamics and transports, concentrations, step
(Lake Ontario) solar radiation, horizontal phytoplankton, integration
and vertical mixing zooplankton to 1 yr.
T. J. Simons, coefficients
NWRI, CCIW,
Burlington, Ontario
Lake Erie Model Morphometry, hydraulics, Phytoplankton, Daily time
(LEM3) (7) nutrient loadings, including algal—available step
immediately—available and P, autochthonus integration
D. K. Salisbury, ultimately—available P, P, and
J. V. DePinto, and biochemical kinetics, available
T. C. Young, temperature, solar and unavailable
Clarkson University radiation, and wind allochthonus P
Lake Michigan Morphometry, hydraulics, Phytoplankton Daily time
(MICHI) Model (8) nutrient concentrations and zooplankton, step
loadings, biochemical SRP, and TP integration
P. w. Rodgers,
DePaul University;
D. K. Salisbury,
U.S. EPA,
Grosse Ile, Michigan
kinetics, incident light,
and temperature
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 Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
3—Dimentional
21 horizontal
segments,
each with
4 vertical
layers
Calibrated: 1972 (IFYGL)
data.
Three ecological models (Thomann's Lake 1
Model, Scavia's NOAA Model, and Simons
and Lam's Phosphorus Model) have been
used as the ecological component in this
model. In all cases, the 3-D approach
does not improve over the l—box
whole—lake approach, if the lakewide
concentration is the target of
simulation. However, if the nearshore
effects are to be examined, this 3—D
model gives better results for phosphorus
compartments in all three cases than
those in the nitrate and ammonia.
2—Dimensional,
10 box model:
laterally—
mixed,
includes
interstitial
water:
sediment
segments
LEM3 is a modified version
of LAKEl (DiToro and
Connolly, l980).
was not re—calibrated.
Verification to l970 (CCIw
and U.S. EPA) and l975
(CLEAR and GLL) data.
Present application:
modified phosphorus dynamics
are being used for evaluation
of nonpoint source P
management scenarios.
LEM3 offers separate representation of
allochthonus and autochthonus particulate
phosphorus kinetics and transport.
Available in operational FORTRAN 77 code.
2—Dimensional
4 box model:
laterally—
mixed,
2 horizontal
and 2 vertical
segments
Calibration: 1976 (U.S. EPA
and University of
Michigan) data.
Application: 1977 data,
analysis of the effect of
ice cover on phosphorus
transport and assessment of
IJC loading recommendations.
Does not model near—shore responses.
Represents phosphorus recycle resulting
from phytoplankton decompositon and
zooplankton feeding. Available in
operational FORTRAN code.
 WA
TE
R
QU
AL
IT
Y
MO
DE
LS
(C
on
ti
nu
ed
)
Mod
el
and
Pri
nci
pal
Inp
ut
Dat
a
Pri
nci
pal
Out
—
In
ve
st
ig
at
or
Re
qu
ir
em
en
ts
pu
t
Va
ri
ab
le
s
Pr
oj
ec
ti
on
s
Lak
e
Hur
on
Cla
dop
hor
a
Mor
pho
met
ry,
hyd
rau
lic
s,
Cla
dop
hor
a
Dai
ly
tim
e
Mo
de
l
(9
an
d
l0)
nu
tr
ie
nt
lo
ad
in
gs
,
bi
om
as
s
st
ep
bio
che
mic
al
kin
eti
cs,
win
d,
int
egr
ati
on
R.
P.
Ca
na
le
,
te
mp
er
at
ur
e,
an
d
li
gh
t
University of Michigan;
M. T. Auer,
Michigan Technological
University,
Houghton, Michigan
Mu
sk
eg
on
,
Mo
na
an
d
Su
mm
er
av
er
ag
e
ch
lo
ro
ph
yl
l
a
Wa
te
r
whi
te
Lak
es
Emp
iri
cal
con
cen
tra
tio
ns
tra
nsp
are
ncy
Chlorophyll a Model (ll)
J. K. Marr,
Limno—Tech, Inc.,
Ann Arbor, Michigan
(Secchi Disk)
Gre
at
Lak
es
Chl
ori
de
In-
lak
e
chl
ori
de
Chl
ori
de
Tim
e—v
ari
abl
e
Mod
el
(12
)
con
cen
tra
tio
ns,
lak
e v
olu
me,
con
cen
tra
tio
ns
and
ste
ady
chl
ori
de
loa
ds,
and
flo
w
for
eac
h G
rea
t
sta
te
w.
C.
Son
zog
ni,
NOA
A;
Lak
e
bas
in
res
pon
se
w.
Ric
har
dso
n,
U.S
.
EPA
;
tim
es
P. w. Rodgers,
DePaul University; and
T. J. Monteith,
T and B Computing
Mus
keg
on,
Mon
a
and
Whi
te
Mea
n
lak
e
dep
th,
lak
e
sur
fac
e
Per
mis
sab
le
Lak
e
Emp
iri
cal
Loa
din
g
are
a,
and
ann
ual
pho
sph
oru
s
and
dan
ger
ous
Mod
el
(13
)
loa
din
g
pho
sph
oru
s
loading rates
J.
K.
Mar
r,
and
tro
phi
c
Limno«Tech, Inc.,
Ann Arbor, Michigan
status
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 Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
2-Dimensional
28 box model
vertically—
mixed, near—
shore segments
Calibration: l979 nearshore
Lake Huron data collected
near Harbor Beach, Michigan.
Verification: l980 data
collected at the same site
after 85% P loading
reduction from the Harbor
Beach, Michigan wastewater
treatment plant and
resultant Cladophora
reductions.
This model was designed to predict the
spatial and temporal distribution of
Cladophora in the nearshore zone near
point source nutrientdischarge.
The model can be used to evaluate the
impact of management strategies on
Cladophora growth.
Application: explanation
of water transparency
insensitivity to reductions
in chlorophyll a
concentrations resulting
from wastewater diversion.
Whole—lake
Previous calibration by
O‘Connor and Meuller (l970).
Application: prediction of
chloride concentrations for
current, stabilized loadings.
Inexpensive desk—top model, very useful to
resource managers for modeling
conservative substances. Article includes
updated chloride loading estimates.
Application: prediction
of trophic status change
resulting from reduction
in phosphorus loading by
wastewater diversion via
land treatment.
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 WATER QUALITY MODELS (Continued)
Mod
el
and
Pri
nci
pal
Inp
ut
Dat
a
Pri
nci
pal
Out
—
Inv
est
iga
tor
Req
uir
eme
nts
put
Var
iab
les
Pro
jec
tio
ns
Mus
keg
on
Lak
e
Emp
iri
cal
Spr
ing
tot
al
pho
sph
oru
s
Chl
oro
phy
ll
a
Sum
mer
P C
onc
ent
rat
ion
con
cen
tra
tio
ns
con
cen
tra
tio
ns
ave
rag
e
Model (l3)
Limno-Tech, Inc.,
Ann Arbor, Michigan
Mau
mee
Riv
er
Dis
sol
ved
Mor
pho
met
ry,
hyd
rau
lic
s,
BOD
Dis
sol
ved
Tim
e v
ari
abl
e
Oxy
gen
Mod
el
(14
)
loa
din
gs,
tem
per
atu
re,
and
oxy
gen
and
biochemical kinetics biochemical
P. L. Freedman and
J. D. Sherrill,
Limno—Tech, Inc.,
Ann Arbor, Michigan
oxygen demand
Maumee River Fecal
Coliform Model (14)
P. L. Freedman and
J. D. Sherrill,
Morphometry, hydraulics,
parameter loading,
biochemical kinetics, and
temperature
Fecal coliform
(log#/l00 ml)
and ammonia,
phosphorus, and
heavy metal
Time variable
Lim
no-
Tec
h,
Inc.
,
con
cen
tra
tio
ns
Ann Arbor, Michigan
Bla
ck
Cre
ek
(Oh
io)
and
Mor
pho
met
ry,
hyd
rau
lic
s,
BOD
Dis
sol
ved
Ste
ady
sta
te
Lor
ain
Har
bor
Dis
sol
ved
loa
din
gs,
tem
per
atu
re,
and
oxy
gen
and
Oxy
gen
WLA
Mod
el
(l5)
bio
che
mic
al
kin
eti
cs
bio
che
mic
al
R. P. Canale and
P. L. Freedman,
Limno—Tech, Inc.,
Ann Arbor, Michigan
oxygen demand
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Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
l—Dimensional
Application: evaluated the
effect of waste diversion
and land treatment for
Muskegon Lake, Michigan.
Calibration and verification
to background conditions data
from 7/1/1981, 1/13/1981,
and 8/14/81 and to
storm data from 7/27—30/1981
and 9/16—18/1981.
Application: used with two
other interactive models for
the evaluation of numerous
CSO control alternatives
including combined sewer
separation and central swirl
treatment.
This model is a convenient lake management
tool which requires limited water quality
data and provides an estimation of
expected summer in—lake conditions on
which to base management decisions for
phosphorus control.
Based on Thomann (1972) model, this model
is appropriate for analyzing water quality
impacts of C80 impulse impacts on back—
ground conditions.
Completely
mixed flow
reactor
Calibration and verification
to storm data from
7/21—30/1981 to 9/16—18/1981.
Application: used with two
other interactive models for
the evaluation of numerous
CSO control alternatives
including combined sewer
separation and central swirl
treatment.
Applicable only to zero- and first—order
reaction kinetics in intermixed overflow
and upstream sources.
l‘Dimensional
stream model
and
2—Dimensional
bay model
Application: the model was
used to determine treated
industrial wastewater
limitations (NPDES) required
to protect water quality.
This model is based on the AUTOQUAL water
quality model. The model was refined to
include dispersion. The model framework
includes Black River, Lorain Harbor and a
portion of Lake Erie.
Sl
 
 WA
TE
R
QU
AL
IT
Y
MO
DE
LS
(C
on
ti
nu
ed
)
Model and Principal
Investigator
Input Data
Requirements
Principal Out—
put Variables
Projections
Oneida, Seneca, and
Os
we
go
Ri
ve
rs
Di
ss
ol
ve
d
Oxygen Model (l6)
Limno—Tech, Inc.,
Ann Arbor, Michigan
Mo
rp
ho
me
tr
y,
hy
dr
au
li
cs
,
BO
D
lo
ad
in
gs
,
te
mp
er
at
ur
e,
an
d
biochemical kinetics
Dissolved
oxygen, CBOO,
N800, and
chloride
concentrations
Steady state
Op
ti
ma
l
Co
st
Co
nt
ro
l
Ph
os
ph
or
us
lo
ad
s,
co
st
da
ta
Co
st
of
co
nt
ro
l
Co
st
s
of
St
ra
te
gi
es
fo
r
At
ta
ch
ed
pr
og
ra
ms
al
te
rn
at
iv
e
Al
ga
e
(l
7)
st
ra
te
gi
es
R. P. Canale,
M. T. Auer,
Y. Matsuoka,
T. M. Heidtke, and
S. J. Wright,
University of Michigan
Ro
ch
es
te
r
Em
ba
ym
en
t
Mo
rp
ho
me
tr
y,
hy
dr
au
li
cs
,
Co
nc
en
tr
at
io
ns
Ti
me
—v
ar
ia
bl
e
an
d
Sa
gi
na
w
Ba
y
nu
tr
ie
nt
lo
ad
in
gs
,
bi
oc
he
mi
ca
l
of
ch
lo
ro
ph
yl
l,
Ph
yt
op
la
nk
to
n
Mo
de
l
ki
ne
ti
cs
,
wi
nd
,
te
mp
er
at
ur
e,
zo
op
la
nk
to
n,
(18)
J. T. Kuo, and
R. V. Thomann,
Manhattan College
and light
and nutrients
Lake Ontario Phosphorus
Model (19)
R. H. Montgomery,
V. D. Lee, and
K. H. Reckhow,
Michigan State
University
Phosphorus loadings, apparent
ph
os
ph
or
us
se
tt
li
ng
ve
lo
ci
ty
,
morphometry, hydraulics
Total
phosphorus
concentrations
Steady—state
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Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
l—Dimensional
Calibration: September l975
(O'Brien and Gere Eng.)
data.
The AUTOOUAL model framework was used,
however, this one—dimensional, steady
state framework does not adequately
represent the observed Spatial and
temporal variations in water quality
concentrations for these Lakes Ontario
tributaries.
Calibrated and verified at
a site on Lake Huron.
2-Dimensional
Applied to Rochester
Demonstrates the utility and advantage of
vert
ical
ly
emba
ymen
t du
ring
non—
usin
g a
deta
iled
lake
circ
ulat
ion
mode
l in
mix
ed,
str
ati
fie
d s
eas
on,
and
eut
rop
hic
ati
on
ana
lys
is.
horizontal to Saginaw Bay throughout
segmentation the year.
Whol
e—la
ke
Firs
t—or
der
erro
r an
alys
is
Guid
elin
es a
re s
ugge
sted
for
the
use
of
and Monte Carlo simulation
analysis were applied to a
mass—balance phosphorus
model for Lake Ontario.
first—order and Monte Carlo methods of
error analysis in water quality modeling.
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WA
TE
R
QU
AL
IT
Y
MO
DE
LS
(C
on
ti
nu
ed
)
Model and Principal
Investigator
Input Data
Requirements
Principal Out—
put Variables
Projections
Steady—State Lakes in
Series Model for Great
Lakes (SLIS) (20)
w. L. Richardson, and
D. M. Dolan,
U.S. EPA,
Grossse Ile, Michigan
Lo
ad
s
of
c
h
e
m
i
c
a
l
s
of
interest
Concentrations
of chemicals
of interest
Annual with
indefinite
projection
Water Analysis
Simulation Program
WASP (2l)
0. M. DiToro,
J.
J.
Fi
tz
pa
tr
ic
k,
an
d
R. V. Thomann,
Manhattan College
Lo
ad
s,
bo
un
da
ry
co
nd
it
io
ns
,
in
it
ia
l
co
nd
it
io
ns
,
tr
an
sp
or
t
pa
ra
me
te
rs
,
ki
ne
ti
c
ra
te
s,
segment parameters
Concentrations
for state
variables
Time step
user
specified
Saginaw Bay -
5 Phytoplankton Class
Model (22)
V. J. Bierman, Jr.
U.S. EPA,
Na
rr
ag
an
se
tt
,
Rh
od
e
Is
la
nd
D. M. Dolan,
U.S. EPA,
Grosse Ile, Michigan
Nu
tr
ie
nt
lo
ad
s,
in
it
ia
l
an
d
boundary conditions,
mo
rp
ho
me
tr
y,
te
mp
er
at
ur
e
transport parameters,
kinetic rates
Biomass for
5 classes of
phytoplankton
and
zooplankton,
nutrient
concentrations
Daily to
decades -
time
variable
Lake Erie Phosphorus
Chlorophyll Model (23)
T. G. Brydges,
Ontario Ministry of
the Environment
Epilimnetic TP
Epilimnetic
chlorophyll a
May—Sept.
averages
 Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
Each lake
considered as
a completely
Applied to chloride and
sodium.
Each lake is completing mixed over annual
time from first order reaction rates for
non-conservative substances.
mixed reactor
l,
2 o
r
Use
d f
or
a v
ari
ety
of
wat
er
WAS
P i
s a
gen
era
liz
ed
com
put
er
pro
gra
m
3—D
ime
nti
ona
l
qua
lit
y m
ode
lin
g p
rob
lem
s
whi
ch
can
be
app
lie
d t
o s
ite
-sp
eci
fic
use
r
fro
m c
hlo
rid
e,
phy
top
lan
kto
n
wat
er
qua
lit
ypr
obl
ems
.
Can
be
use
d a
s a
det
erm
ine
d
to
tox
ic
sub
sta
nce
s.
res
ear
ch
too
l t
o d
eve
lop
new
the
ori
es,
or
given existing kinetic subroutines (WASPB)
can be applied to given problems.
Calibration to l974—76 data
on Saginaw Bay -
Average concentration in homogenous
segments. Phytoplankton split in 5
2—Dimensional
verification on l980 data.
groups.
Individual
lake stations
Developed from 97 stations
throughout the lake.
Empirical model.
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WATER QUALITY MODELS (Continued)
Model and Principal Input Data Principal Out—
Investigator Requirements put Variables Projections
Smith Photosynthesis TP loadings, lake mean depth, Epilimnetic Summer
Model (24) flushing rate, epilimnetic volumetric average
TP, TN rates of daily rates
V. H. Smith, photosynthesis
McGill University
Smith Nitrogen-Phosphorus Epilimnetic TP, TN Epilimnetic Summer
—Chlorophyll Model (25) chlorophyll average
V. H. Smith,
McGill University
Schnoor and O'Connor TP loading, lake mean depth, TP Daily
Phosphorus Loading volume, flushing rate, concentrations,
Model (26) coefficients for algal growth, algal P
mineralization, and sinking, concentrations,
J. L. Schnoor, rates of photosynthesis dissolved P,
University of Iowa; chlorophyll
D. J. O'Connor,
Manhattan College
Kalff and Knoechel Epilimnetic TP Epilimnetic Summer
Phosphorus—Algal total algal average
Biomass Model (27) cell volume
J. Kalff,
McGill University;
R. Knoechel,
St. John's University
Chapra Embayment P TP loadings, hydraulic inputs, Critical TP Long term
Model (28) bay mean depth, volume loading rates average
5. C. Chapra,
Texas A&M University
Modified Chapra P TP loadings, lake mean depth, TP Long term
Loading Model (29) flushing rate concentrations average
5. C. Chapra,
Texas A&MUniversity
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Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
Whole—lake
Whole—lake or
Developed from 58 north
temperate lakes.
Developed from 228 northern
Empirical model, use only if summer TNrTP
ratio >13 by weight.
Empirical multivariate model.
individual latitude lakes.
basins
Whole—lake Calibration for Lake Lyndon The authors claim that this model has
B. Johnson, Texas; applied relative advantages over the Vollenweider
to Lake Ontario. and Dillon and Rigler approaches.
Whole—lake Developed from 28 northern Empirical model.
latitude lakes.
Embayments Developed for Saginaw Bay, Demonstrates the importance of turbulent
Lake Huron. transport in embayment models.
Whole—lake Applied to 3 basins of Accounts for the fraction of P loading
and individual
basins
Lake Erie.
which does not influence lake water
quality.
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 WATER QUALITY MODELS (Continued)
Model and Principal Input Data Principal Out-
Investigator Requirements put Variables Projections
U.S. OECD P Loading TP loading, lake mean depth, TP Long term
Model (30) hydraulic residence time concentrations, average
chlorophyll,
R. A. Jones, and Secchi depth,
G. F. Lee, hypolimnetic
Texas Technological oxygen deficit
University;
w. Rast,
USGS,
Sacramento, California
Canfield and Bachmann TP loading, lake mean depth, TP Long term
Loading Model for flushing rate concentrations average
Natural Lakes (3i)
D. E. Canfield, Jr.,
University of Florida;
R. w. Bachmann,
Iowa State University
Nurnberg P Retention Areal water loading rate Phosphorus Annual
Models (32) retention, average
internal P
G. K. Nurnberg, loading rate
McGill University
Bachmann Total N N loading, lake mean depth, TN Long term
Model (33) flushing rate concentrations average
R. w. Bachmann,
Iowa State University
Hanson and Peters TP concentrations, lake Zooplankton Annual
Zooplankton and surface area, maximum depth and profundal average
Profundal Macrobenthos macrobenthos
Biomass Models (34) biomass
J. M. Hanson, and
R. H. Peters,
McGill University
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Spatial Calibration/ Major Assumptions/
Dimensionality Verification/Application Limitations/Unique Features
Whole—lake Developed from U.S. lakes Empirical model.
and reservoirs; applied to
Lakes Huron, Ontario, Erie,
Michigan, and Superior; also
Lake Mjosa, Norway.
Whole—lake Developed from 704 natural Empirical model.
lakes in National
Eutrophication Survey.
Whole—lake Developed from North Empirical model, can be used topredict P
American and European lakes. concentration in lakes having significant
release of P from anaerobic sediments.
Whole—lake Developed from 248 National Empirical model.
Eutrophication Survey lakes.
Whole—lake Developed from 80 lakes Empirical model, restricted to lakes
worldwide. with pH >5.5.
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WATER QUALITY MODELS (Continued)
Mode
l an
d Pr
inci
pal
Inpu
t Da
ta
Prin
cipa
l D
ut—
Inve
stig
ator
Requ
irem
ents
put
Vari
able
s
Proj
ecti
ons
Corn
ett
and
Rigl
er
Annu
al
P re
tent
ion
rate
,
Area
l
Summ
er
Hypo
limn
etic
Oxyg
en
hypo
limn
ion
thic
knes
s an
d
hypo
limn
etic
,
aver
age
Defi
cit
Mode
l
(35)
temp
erat
ure
oxyg
en d
efic
it
R. J. Cornett,
Chalk River Nuclear
Laboratories, Ontario;
F. H. Rigler,
University of Toronto
Modi
fied
Corn
ett
and
TP c
once
ntra
tion
s,
annu
al
Area
l
Sumn
mer
Rigl
er H
ypol
imne
tic
pela
gic
prim
ary
prod
ucti
vity
,
hypo
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Dimensionality
Calibration/
Verification/Application
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Limitations/Unique Features
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 Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
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North American lakes.
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gurat
ion
distr
ibuti
on
less
Diffu
sion
Model
(3)
in th
e
(stea
dy—st
ate
far—field of in the case
D.C.
L.
Lam,
C. R
. Mu
rthy
,
coas
tal
zone
of p
lume
s)
and K. C. Miners,
NWRI, cc1w,
Burlington, Ontario
l—Dim
ensio
nal
Solar
heat
fluxe
s,
Verti
cal
Daily
Thermocline Model (4) extinction coefficients, temperature
wind profile
D.L.C. Lam, and averaged for
w. M. Schertzer, a lake basin
NWRI, CCIH, or water
Burlington, Ontario column
Gener
al H
ydrod
ynami
cs
Wind,
morph
ometr
y, s
olar
Curre
nt s
peed
Time
varia
ble
Model
— GHM
(5)
radia
tion,
initi
al a
nd
and
direc
tion,
secon
ds-da
ys
boundary conditions temperature/ T
J. P
. Pa
ul,
dens
ity
l
U.S.
EPA,
‘ st
ructu
re
‘
Narragansett, Rhode Island
General Transport Current speed and direction Concentration Seconds—days
Model - GTM (6) from GHM of selected
substances and
J. P. Paul, suspended
Narragansett, Rhode Island
U.S. EPA, solids
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l
 Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
3—Dimensional
Calibrated and verified with
current meter and chloride
data from Lake Superior
in 1973.
For both fully mixed and stratified
seasons, thermal structures are not
predicted but must be input, wind stress
coefficient is based on nonlinear
interaction between wind and waves.
2—Dimensional
Calibrated and verified with
rhodamine B dye patch and
plume data obtained from
diffusion experiments in
Lakes Huron and Erie,
applied to the definition
of the limited—use—zone.
A hierachy of analytical, finite
difference and finite element models
whose complexity is chosen for
different coastal zone conditions and
assumptions such as steady—state
plumes, Fickian diffusivity and
length—scale diffusivity.
l—Dimensional
Calibrated and verified with
l6 years of temperature data
from Central and Eastern
Basins of Lake Erie,
application to
eutrophication and anoxia
predictions.
Finite element model (l—D) using variable,
nonlinear vertical eddy diffusivity
based on Richardson's number, Brunt-Vasala
frequency and bottom turbulence, assumes
that temperature is homogeneous
horizontally through areal averaging in
the column. Median percentile relative
error is 10% to l5% based on comparison
with 16 years of data.
3—Dimensional
3—Dimensional
_
l
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Partitioning of
Synthetic Organic
Chemicals (5)
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NOAA,
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,
system parameters
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Spatial
Dimensionality
Calibration/Verification/
Application
Major Assumptions/
Limitations/Unique Features
Validated against large
stream ecosystems for l3
chemicals, used in Great
Lakes in modified form by
Halfon (l982) (2).
4 water and
4 sediment segments
Calibrated with mirex
concentrations in bottom
sediments of Lake Ontario.
Same as EXAMS. No wind driven
circulation, no burial of
contaminants in bottom
sediments.
Uncertainty analysis revealed
the importance of resuspension
rates of bottom sediments in
predicting contaminants' fate.
Unvalidated.
Partial validation with
laboratory microcosms.
Based on physical/chemical
principles.
l—Dimensional
Model has global
application.
Relatively simple, easy to
use model.
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TOXIC SUBSTANCES MODELS (Continued)
Mode
l an
d Pr
inci
pal
Inpu
t Da
ta
Prin
cipa
l O
ut-
Inves
tigat
or
Requi
remen
ts
put V
ariab
les
Proje
ction
s
DDT Dynamics in DDT inputs, sediment Annual Annual
Lakes
Michi
gan
proce
ss r
ates
avera
ge
time
scale
and S
uperi
or
(6)
conce
ntrat
ions
of DD
T in
compartments
V. J. Bierman, Jr.,
U.S. EPA,
Narragansett, Rhode Island
Toxic Substances Model Various lake parameters, Contaminant Year—to-year
for the Great Lakes contaminant parameters, concentrations and
and solids parameters in water steady—state
G. A. Lang and column, response of
S. C.
Chapr
a,
sedim
ent,
pore
water
colum
n
NOAA, water and and sediments
Ann Arbor, Michigan suspended to changes in
solids loads of
contaminants
Lake Michigan PCB
Model (8)
P. w. Rodgers,
DePaul University,
Chicago, Illinois
Flow, volume of water column
and of sediments, sediment
surface area, PCB loads,
suspended solids concentration,
PCB kinetics derived from
solids mass balance, and
partition coefficients
PCB in water
column and
sediments
Time variable
and steady
state
response
times
Lake Michigan PCB
Model (9)
P. w. Rodgers, and
w. R. Swain,
U.S. EPA,
Grosse Ile, Michigan
Flow, volume, mean depth,
past PCB concentrations in
fish or other biota,
suspended solids
concentrations, PCB waterzfish
distribution coefficient, and
solids net loss rate
Historic and
forecast
simulations of
PCB in whole
fish and water
column
Annual time
scale
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Spatial Calibration/ Major Assumptions/
Dimensionality Verification/Application Limitations/Unique Features
Well—mixed Developed simulation of Ignores within year variations, patterned
lake 239Pu in Lake Michigan after simple mass balance models used for
as an example of model's
use.
phosphorus.
2—Dimensional,
Model coefficients were
The model was intended to be used for
one water calibrated to scientific re—evaluation of Lake Michigan system
column and one literature data and supported response as scientific knowledge of PCB
sediment by historical simulation of a loading, kinetics and transport improved.
segment pollutant with similar solid
partitioning characteristics.
Application: analysis of
lake response to a range of
PCB loads and kinetic
assumptions.
Whole—lake Calibration: l972—l980. Assumes historical PCB concentrations in
Bloater Club PCB Residue
Concentration Data.
Application: historical mass
loading trend analysis and
forecast of PCB concentration
in water column and fish in
Lake Michigan for PCB loading
scenarios.
fish are proportional to concurrent PCB
concentrations in the water column. Model
enables investigator to infer historic
loading and concentration trends from fish
data.
Comparisons with field
data averages.
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TOXIC SUBSTANCES MODELS (Continued)
Model and Principal
Investigator
Input Data
Requirements
Principal Out-
put Variables
Projections
PCB Fate Model for
Saginaw River and Bay
(10)
Limno—Tech, Inc.,
Ann Arbor, Michigan
Flow, volume of water column
and of sediments, sediment
surface area, PCB loads, sus-
pended solids concentrations,
PCB kinetics derived from
solids mass balance, partition
coefficients, fish2water
distribution coefficients, and
hydraulic retention time
Total PCB in
water column,
sediment layer
and fish
Annual time
scale
PBB Fate Model for Pine
River and St. Louis
Reservoir (ll)
Limno-Tech, Inc.,
Ann Arbor, Michigan
Flow, volume of water column
and of sediments, sediment
surface area, PBB loads,
suspended solids concen—
trations, PBB kinetics derived
from solids mass balance,
partition coefficients,
and hydraulic retention time
Total P83 in
water column
and sediment
Annual time
scale
Saginaw Bay PCB Model
(12)
M. L. Anderson, and
R. P. Canale,
University of Michigan
Morphometry, hydraulics, PCB
loadings, and PCB biological
degradation kinetics
PCB
concentrations
in the water
column and in
the sediments
Time variable
scale
Physico—Chemical Model
of Toxic Substances in
the Great Lakes (l3)
R. V. Thomann, and
D. M. DiToro,
Manhattan College
Particulate sorption—
desorption, sediment-water-
atmospheric interactions,
chemical and biochemical
decay
Toxic substance
concentrations,
response time
following
pollution
abatement
Annual time
scale
Age—Dependent Model of
PCB in Lake Michigan
Food Chain (14)
R. V. Thomann, and
J. P. Connolly,
Manhattan College
Species bioenergetics
information
Transfer of
PCB through
food chain to
fish
Annual time
scale
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 Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
 
2-Dimensional
10 box model:
four stream
one bay and
five sediment
Calibration: l965—l981
observed sediment, water
column and fish PCB data.
Application: forecasts of
the impacts of management
scenarios, including
mitigative dredging in
Saginaw River.
The model does not represent mechanistic
biological processes. The model is
applicable for long—term sediment, water
column and fish responses to management
alternatives.
2-Dimensional
6 box model:
one reservoir,
two stream and
3 sediment
Calibration to very limited
water column (l9l4, 80—81)
and to limited sediment
(1974, 76, 77, ST) PBB data.
Application: forecasts of
water column and sediments
response to load elimination.
The model is applicable for long-term
sediment and water column responses to
management alternatives.
2—Dimensional Application: analysis of the
biological degradation of
PCBs concerning the fate and
distribution of PCBs in water
bodies.
The model uses biological degradation of
PCBs in the sediments based on laboratory
and in situ decay rate studies of two
species of sediment bacteria. This mass
balance model uses laboratory PCB decay
rates.
Whole-lake or
lake basin -
completely
mixed systems
Calibrated through comparison
with 239Pu data,
applied to assess PCB,
cadmium, and benzo(a)pyrene
equilibrium with external
loads.
Model assumes major mechanisms affecting
the chemical fate of toxic substances are
known and that all sorption—desorption
reactions are instantaneous, linear, and
reversible.
Assess the effect of reduced
PCB concentrations on lake
trout.
Phytoplankton assumed to be in dynamic
equilibrium with water column dissolved
PCB, one of the few models to deal with
relationship between fish and toxics.
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TOXIC SUBSTANCES MODELS (Continued)
  
Model and Principal
Input Data
Principal Out-
Investigator
Requirements
put Variables
Projections
Model of PCB Mixtures
Aroclor 1242 and l260 loads
Total PCB,
Time—scale
in Saginaw Bay (15)
and boundary conditions,
Aroclor 1242
from day to
morphometry of system,
and 1260,
decades
w. L. Richardson,
initial conditions, partition
chloride as
U.S. EPA, coefficients for 3 solid tracer.
Grosse Ile, Michigan types in water column and Solids
sediment volatilization for —fine sediment
each mixture, wind speed, —clay
and deposition rates —organic
concentrations
in each of
19 water and
sediment
segments
NASTOX — Part I
Loads, boundary conditions,
Concentrations
Time—scale
Physical Channel Model
initial conditions, partition
of toxicants
selected by
Generalized Model
coefficients, transformation
in each of
user
Program for Toxic
rates
selected
Substances
(l6)
segments
J. P. Connolly, and
R. P. Winfield,
U.S. EPA,
Duluth, Minnesota, and
Grosse Ile, Michigan
WASTOX — Part II
Exposure concentrations,
Toxicant
Selected by
Food Chain Model
food chain structure and
concentrations
user - time
(l7)
biomass
in biota
dependent
compartment,
3. P. Connolly,
Manhattan College,
Bronx, New York
results from
food chain or
direct exposure
TOXINASP (18)
R. B. Ambrose, Jr.,
U.S. EPA,
Athens, Georgia
Loadings of chemicals and
solids, chemical transfer
rates and coefficients
Exposure
concentrations
in each of
several
segments
Time-scale is
user selected
from seconds
to decades
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Spatial Calibration/ Major Assumptions/
Dimensionality Verification/Application Limitations/Unique Features
2—Dimensional, Calibration to l979 PCB, Equilibrium kinetics resuspensions
19 segments solids, and chloride data. calibrated to wind and solids data,
5 water longevity of Aroclor l242, 1260,
l4 sediment and other PCBs.
l, 2 or Applied to Lake Michigan System can be represented by a number of
3-Dimensional and all Great Lakes. homogenous segments. Equilibrium
kinetics.
3—Dimensional Applied to Lake Michigan
and James Estuary.
Completely University of Windsor Completely mixed time and space averaged.
mixed using on Lake St. Clair.
segments
l, 2 or
3-Dimensional
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 TOXIC SUBSTANCES MODELS (Continued)
 
Model and Principal Input Data Principal Out—
Investigator Requirements put Variables Projections
Saginaw Bay Metals Model Loads of solids and metals of Concentrations Daily to
(SBM) (19) interest, partition of metals of decades
coefficients interest
D. M. Dolan, and
V. J. Bierman, Jr.,
U.S. EPA,
Grosse Ile, Michigan
Tritium Spill Model Spill amount, ambient current, Tritium Hourly
(20) half—life decay constant concentration
D.C.L. Lam,
NWRI, cc1w,
Burlington, Ontario
TOXFATE (21) Physical—chemical properties, Concentrations Output con—
rate constants, loadings, in biota, fish, centrations
E. Halfon, sediment resuspension, flow, sediment as a function
NNRI, cc1w, volumes, suspended solids of time.
Burlington, Ontario Uncertainty
analysis and
confidence
limits of
simulations.
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Spatial Calibration/ Major Assumptions/
Dimensionality Verification/Application Limitations/Unique Features
5 water Applied to Zn, Cu, Pb and Equilibrium kinetics for metals — solids.
segments and solids in Saginaw Bay.
5 sediment
segments
2—Dimensional
Calibrated with Lake Ontario,
Pickering data.
Detailed current field generated by
objective analysis method. Radionuclides
travel with heated discharge from
nuclear power generating station.
4 water
segments and
4 sediment
segments
Calibrated with Niagara
River data. Verified for 9
toxic contaminants in Lake
Ontario. Validated by
blindly predicting the fate
of 4 chlorobenzenes in 1983
using l979—1983 loading
data from the Niagara River
to Lake Ontario and
concentration data collected
in Lake Ontario.
Model developed specifically for large
lakes. Ignores within year variations.
The model is applicable for water and
biota responses to management
alternatives, it quantifies lake
self—cleaning ability.
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 FISH MODELS
Model and Principal Input Data Principal Out—
Investigator Requirements put Variables Projections
Hanson and Leggetty TP concentrations, lake Fish yield, Annual
Fish Biomass and mean depth, macrobenthos fish standing average
Yield Models (1) standing crop crop
J. M. Hanson, and
N. C. Leggett,
McGill University
Sea Lamprey Parameters related to food Growth in Seasonal
Energetics Model (2) consumption, respiration, length or dynamics
egestion, and excretion weight of sea
J. F. Kitchell, lampreys,
University of Wisconsin patterns of
population
feeding and
growth
Lake Trout Model (3) Annual mean planting density Number of lake Annual
of lake trout trout netted average
A. H. Lawrie, per 3048m
Ontario Ministry of (l0,000 ft)
Natural Resources, of gill net
Maple, Ontario
Lee and Jones Fish TP loading, lake mean depth, Fish yield Annual
Yield Model (4) hydraulic retention time average
G. F. Lee, and
R. A. Jones,
Texas Technological
University
Matuszek Fish Benthic fauna standing crop Maximum Annual
Yield Models (5) sustainable average
J. E. Matuszek,
University of Toronto
fish yield (all
species), also
highly valued
species alone
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Spatial
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Major Assumptions/
Dim
ens
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Emp
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el.
temperature lakes and ponds.
1
‘
Whole
—lake
Appli
ed t
o Lak
e Ont
ario,
Simul
ation
model
, pr
edict
s fo
od
Northern Lake Huron, Lake consumption and impact of feeding on host
Michigan, and Lake Superior. fishes by sea lamprey during the parasite
phase.
‘ Whole—lake Developed from Lake Superior Empirical model, demonstrates the success
spring fish assessment of lake trout planting as a means to
nettings. replenish stocks in Lake Superior.
Whole—lake Developed from l8 north Empirical model.
latitude lakes.
Whole—lake Developed from ll North Empirical model.
American lakes.
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FISH MODELS (Continued)
Model and Principal Input Data Principal Out-
Investigator Requirements put Variables Projections
Oglesby Fish Yield Summer mean chlorophyll a Annual average Annual
Model (6) concentrations fish yield average
R. T. Oglesby,
Cornell University
Morphoedaphic Index (7) Total dissolved solids Fish yield Annual
concentrations, lake mean (all species) average
R. A. Ryder, Ministry depth
Natural Resources,
Thunder Bay, Ontario;
5. R. Kerr,
Maple, Ontario;
K. H. Loftus,
Toronto, Ontario;
H. A. Regier,
University of
Toronto 1
Walleye Population Initial density and age Annual Yearly
Model (8) structure, spring rate of commercial dynamics of
temperature increase catch (kg) walleye
B. J. Shuter, populations
Ontario Ministry of
Natural Resources;
J. F. Koonce,
Case Western University
Morphoedaphic Index (9) Total dissolved solids Fish yield Annual
concentrations, lake mean average
P. J. Colby,
Ontario Ministry of
Natural Resources,
Thunder Bay, Ontario
depth
86
 Spatial
Dimensionality
Calibration/
Verification/Applicatio n
Major Assumptions/
Limitations/Unique Features
Whole—lake Developed from l9 lakes Empirical model.
worldwide.
Whole—lake Developed from lakes Empirical model, Lakes Erie and Ontario
worldwide.
are discussed.
Single basin
l
Applied to Western Lake
Erie.
Simulation model, based on empirical
relationships linking growth to population
density, and linking recruitment to
breeding stock size and spring water
temperature.
Whole—lake
Developed from 72 North
American lakes.
Empirical models, guidelines are presented
for partitioning the total potential fish
yield into individual yields for 7 fish
species.
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 FISH MODELS (Continued)
Mode
l a
nd P
rinc
ipal
Inpu
t Da
ta
Prin
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l O
ut-
Inve
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irem
ents
put
Vari
able
s
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ecti
ons
Lake
Trou
t En
erge
tics
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ood
Esti
mate
s of
Long
—ter
m
Mode
l
(l0)
cons
umpt
ion,
meta
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sm,
annu
al
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ge
dyna
mics
swimming speed, egestion, requirements of
D. J
. St
ewar
t,
and
excr
etio
n, a
nd f
ish
ener
gy
past
, p
rese
nt
D. W
einb
erge
r,
dens
ity
and
futu
re
University of Wisconsin; lake trout
D. V
. Ro
ttie
rs,
and
popu
lati
ons
T. A. Edsall,
U.S. Fws,
Ann Arbor, Michigan
Lake
Trou
t Mo
del
(ll)
Para
mete
rs
rela
ted
to
Esti
mate
s of
Long
—ter
m
fecundity and survival, lake trout dynamics
C. J. Walters, growth. sea lamprey population
University of British predation, natural and abundance
Columbia;
G. Steer,
Simon Fraser University;
G. Spangler,
University of Minnesota
fishing mortality
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 ‘ Spatia] Caiibration/ Major Assumptions/
Dimensionaiity Verification/Appiication Limitations/Unique Features
Whoie—iake Appiied to Lake Michigan. Simulation mode], predicts forage
requirements of existing and future
projected 1ake trout popuiations.
Whoie-iake Appiied to Lake Superior. Simuiation mode], predicts iong—term lake
trout dynamics in reiation to fishing,
stocking, and sea lamprey abundance.
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 NONPOINT SOURCE MODELS
 
Model and Principal Input Data Principal Out—
Investigator Requirements put Variables Projections
Watershed (l) Loads of pollutants from Pollutant load Most cost
different portions of at river mouth effective of
T. J. Monteith, watershed point and
R.A.C. Sullivan, nonpoint
T. M. Heidtke, and control
W. C. Sonzogni, measures
Great Lakes Basin
Commission,
Ann Arbor, Michigan
Cornell Nutrient Precipitation, daylight hours, Runoff, Monthly
Simulation Model (CNS) soil erodibility, topography, sediment water,
(2) cover and farming practices, losses, nutrient and
N & P fertilizer application nitrogen and sediment
L. J. Tubbs, and rates, crop type, temperature phosphorus losses
J. M. Montgomery, losses
Consulting Engineers, (dissolved and
Walnut Creek, California; particulate)
D. A. Haith,
Cornell University
 
Nonpoint Source Crop type, crop management
Dissolved and
Event—based
Planning Model (3) and treatment practice, soil particulate predictions
type, slope, length and pollutant
D. A. Haith, and gradient, distance to losses
L. J. Tubbs, drainage channel,
Cornell University meteorological data
Contributing Areas Watershed surface geometry, Area of Event—based
Model (4) watershed soils distribution, watershed predictions
precipitation, soil contributing
W. J. Gburek, infiltration capacity surface runoff
USDA—ARS, to streams
University Park,
Pennsylvania
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 Spatial
Dimensionality Verification/Application
Calibration/ Major Assumptions/
Limitations/Unique Features
Applied to Sandusky River
draining into Lake Erie.
A simple accounting system design to
assess stream pollution management
strategies for large areas (>l00 mi.2).
Handbook available as well as FORTRAN
program.
 
Horizontal Authors claim no calibration Can evaluate crop management methods,
transport is needed, tested on 6 New timing of field operations, soil and water
York fields. conservation practices, and timing and
amounts of fertilizer applications but not
manure or crop residue management.
Horizontal Tested on 391 sq. km. Best used to identify approximate
transport Pennsylvania watershed for magnitudes of agricultural nonpoint
35 major storm events over a
l6 month period. Applicable
to Great Lakes management
questions.
pollution, and to evaluate likely
changes in loading due to alternative
management practices.
Vertical and
horizontal
transport
Applied to 42 agricultural
watersheds in east—central
Pennsylvania. Pertinent to
Great Lakes since determining
contributing areas was a
major unresolved question
during IJC's Pollution
from Land Use Activities
Reference Group Study.
Defines the recurrence interval with which
any part of a watershed contributes
runoff, and thus NPS pollution.
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 NONPOINT SOURCE MODELS (Continued)
 
Model and Principal Input Data Principal Out-
Investigator Requirements put Variables Projections
Nonpoint Source Model Precipitation, temperature, Total runoff, 15 minute
(NSP) (5) solar radiation, wind, peak flows, intervals
J. P. Hartigan,
Camp Dresser and
McKee Inc.,
Annandale, Virginia;
T. F. Quasebarth, and
E. Southerland,
N. Virginia Planning
District Commission,
Annandale, Virginia
watershed characteristics,
topography, soils, land use,
land surface characteristics
total flow,
total sediment
and pollutant
washoff, BOD
also daily,
monthly and
yearly
projections
Linear Programming
NPS Model (6)
Soil group, crop type,
conservation practices,
Runoff, soil
erosion losses,
Event—based
projections
subarea size, phosphorus labile P
C. w. Ogg, buffer curve parameters, losses,
USDA, Washington, D.C.; monetary budgets for each marginal and
H. B. Pionke, crop activity, target P total costs
USDA, loading of different
University Park, management
Pennsylvania; options
R. E. Heimlich,
USDA,
Cornell University
Loading Function Models Watershed land use, soil Runoff, Event—based
(7) types, daily precipitation, sediment projections
temperature, rainfall losses,
L. L. Dickerhoff- erosivity dissolvedand
Delwiche, particulate N
Clemson University; and P losses
D. A. Haith,
Cornell University !
Phosphorus Export Varied Varied Varied
Manual (8)
K. H. Reckhow,
Duke University;
M. N. Beaulac, and
J. T. Simpson,
Michigan Sate University
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Spatial
Dimensionality
Calibration/
Verification/Application
Major Assumptions/
Limitations/Unique Features
 
Horizontal
and vertical
movement of
water and
pollutants
Calibrated to ll single land
use watersheds in the
Chesapeake Bay area.
Calibrated NPS loading factors for TN and
TP are presented for 5 land use
categories.
Horizontal
transport
Applied to Greenlane
Reservoir drainage area,
southeastern Pennsylvania,
authors suggest the model
does not require statistical
calibration in every
watershed. Model likely to
be useful in Great Lakes.
Uses a modified universal soil loss
equation, intended to identify the best
NPS management options attainable with
given budget outlays, also to allocate
pollution control funds efficiently
among watersheds.
Horizontal
Tested on the West Branch
Uses a modified universal soil loss
tran
spor
t
Dela
ware
Rive
r wa
ters
hed,
equa
tion
, se
para
te m
odel
s ar
e us
ed f
or
in
New
York
.
Pos
sib
le
urba
n,
cro
pla
nd,
for
est
and
bar
nya
rd
appl
icat
ion
to G
reat
Lake
s
runo
ff,
inte
nded
to p
redi
ct N
and
P lo
sses
watersheds. from complex watersheds.
Vari
ed
Deve
lope
d f
rom
exte
nsiv
e
Emph
asiz
es
impo
rtan
ce o
f un
cert
aint
y
surveys of nutrient export
coefficients.
analysis.
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